
WP/06/136 

I/ TIMF Working Paper 

Nonlinearity in Deviations from 
Uncovered Interest Parity: An Explanation 

of the Forward Bias Puzzle 

Lucio Sarno, Giorgio Valente, 
and Hyginus Leon 

I N T E R N A T I O N A L  M O N E T A R Y  F U N D  





IMF Working Paper 

Middle East and Central Asia Department 

Nonlinearity in Deviations from Uncovered interest Parity: 
An Explanation of the Forward Bias Puzzle 

Prepared by Lucio Sarno, Giorgio Valente, and Hyginus Leon' 

Authorized for distribution by Mohsin S. Khan 

May 2006 

Abstract 

This Working Paper should not be reported as representing the views of the IMF. 
The i iews cxprcssed in this Working Paper are those of the author(s) and do not necessarily represent 
those of the 1MF or IMF policy. Working Papers describe research in progress by the author(s) and are 

I aublished to elicit comments and to further debate. 

We provide empirical evidence that deviations from uncovered interest rate parity (UIP) 
display significant nonlinearities, consistent with theories based on transaction costs or limits 
to speculation. This evidence suggests that the forward bias documented in the literature may 
be less indicative of major market inefficiencies than previously thought. Monte Carlo 
experiments allow us to reconcile these results with the large empirical literature on the 
forward bias puzzle since we skaw that, if the true process of UIP deviations were of the 
nonlinear form we consider, estimation of conventional spot-forward regressions would 
generate the anomalies documented in previous research. 
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I, Introduction 

Thr uncovered interest ratp parity I,I!IP) vonditioi~ postulate,s that the expected foreign exchwlge 
gain fro111 holdiug one culwi~cy ratlwr titan miother. thitt is. the expected exchange rate change. 
iuu.ct be just offset 1)y the o p p t r u ~ r i t y  cost of holding Silnds in this currency rather than the  other. 
.ziarneIy the inter& ritti. diifc~twtial. Assuming that thcrr arc no arbitrage opportunities and. 
tlierefore. t11at the interest nit t3 t liffercnt ial equals t hr forward premium, UIP then implies that 
the expected exchriltge rjitr c.l~it~rge must equal the currelit forward premium. hl this case. the 
risk-neutml efficient r i m  krkts hypnthwi~ holds. Thih coi~dition is routinely assumed jn models of 
irjterrtatiorlal mtu.roec.onctll~ics and finance. 

In a highly influentid paper. Fnmil ( 1984) noted that high interest ritte currencies tend to  appreciate. 
wl~ercas o w  rtriglir: wppose that investors would demand higher interest rates on currencies expected 
to faJl in valtrc. In turn. this result suggests that the forward prcrniutn tends to be inversely related 
t o  fut urc excit~ilge rate cllangcs. it1 contra& to the 1%' hypot he&. This anomdy. often termed the 
" ~ O ~ W A I Y ~  hias p u ~ z k . "  forlti~iueh to spur a large literature. )iowevcr, regardless of the increasing 
sopllisrjr.tltjon of the ecoaon~etrjc techniques emplrsyt;d mjd of the increasing quality of the  data 
hots utilized. researchers generally report results which reject UIP. In  fact. for the major Aoating 
c*urrcwics against t l ~ t  U S  dt)lInr. tltc bpot exchange sate hiu usuallv been record& ta  fall when 
tile forward market ~trould have predicted it to rist-. and vice versa (e.g., Cumby and Obstfeld. 198.1; 
Hodrick. 1987: Ikknert and Hodrick. 1993: Lewis. 1995; Engel. 1996: Sarrto and Taylor. 2003: 
Sarno. 200.5). 

A n  alterriative way of examinhlg the properties of UIP is hy investigating whether UIP deviatiolm- 
or. identicall?: foreign i ~ ~ t l i i u l g ~  exctss ret~irns--- art. prc4ictable using the forward premium as a 
predictor variable. I1nder the hypotlwsis that tTIP holds (risk-neutral market efficiency), excwz5 
returns nlust be ut~predjttable. This i b s w  was iinvestigated. for example. by Bilson (1981). Fanitt 
(1984) and Backits. Gregory. a d  Telmer (1993). who report e~idence of predictability of excess 
returns on the babis of the lagged forward premium. inconsistent with UIP. 

Attempts tco explain thc fii~wilrcl Itiaii puzzle using models of risk prernia have met with limited 
and mixed success. especially fbr plat~sibfe degrees of risk aversion (e.g.. Frankel and Engel, 1984: 
Domowitz and Hakkio. 1985: Chnrby. 1988: Mark. 1988: Engel. 1996). Moreover, it; is difficult to 
explain t l ~ c  ~.lcjcc.tion of Ii1P and the forward bias puzzle by recourse either t o  explanations such 
as learning, peso proble~rrs, itlid tmbtdes (e.g.. Lewis. 1995): or by rwomse to  consumption-baqed 
asset priciztg theories tdiiclt allow for departures from time-additivc preferences (Backus, Gregory. 
and Telnret.. 1993: Bmlsiil i d  others. 1995: Bekaert. 1996) aud front expected utility (Bekaert . 
Hodrick. iwd hlarshall. I%);): ur else by using popular models of r lw term structure of interest 
rates tulrtptc~d t t) 11 n~ult i-i.urri;rlr?. setting (Backus. Foresi. and T~hiler. 2001). Hence. even wit 11 
the heatcfit of 20 yea13 of Itiurlsight, the forward puzzlts hm not txmi cotrvixlcingly explain~cl 
a ~ t d  continues to  baffle thc i~tterrtatiorid finance professio~i. 

In this paper. we start frwt ~ l o t i ~ f g  that prior enlpilictal nw;ucli i l l  this area has generally rclictd 
on lintw frameworks ju analyzing the properties of UIP cluviations. This ib surprising becaust. 
scvcm.1 authctrs lim-e argued that the rcI~ti011~11ip betwetw expected exchange rates and interest 
~ i \ t t .  differentials may fte ncrnli~iear for a msirtty of rct~ssons. including transactions costs {see, intw 
xlia. Bddwiii. 1990: Duiim. 1992: Hollifield aitd Uppaf. 1997: Sercu and Wu. 2000). central h ~ t k  



itrtervention (tb.g.. Mark and lloir. 2002. Uoil. 200'2). and the existtwc* of littiits to speculation 
(e.g., Lylit.. BOitJ, pp. 206-2ili. 11r p t ~ t l c x l i r ~ .  t h  lirilits t o  speculation I~yptttlresis is b w x l  ori tlrc 
idea that fi~iazrcinf il~stitutltrirs o~rl?~ ttbkc 111) i t  ('11rrmcv trading stmtegy i f  this strategy is cxpcctcrl 
to yield an excess returii per wit of risk (or a Slispe ratio) that ih i~igl~er than the one implied 
by alternative trading st~ategies. ~ d i  i i> .  for e~~fllplt ' .  ii simple buy-aud-hold equity strategy. This 
argument effectively define:, a band of iuaction witere tlle forward bias docs not attract speculatjvv 
capital and. ther~fo~e.  doe5 not iniply an!' glaring profitable opportunity i ~ ~ d  will persist until it 
generates S h a r p  ratios that itre littge ettough to attract speculativi~ cajtital away from alternativp 
trading strategies (Lyons, 2001 1. 

Alttrough the literature hits already c~ocuirrcnlrtl that forward preriiia ma) affect future exchange 
rates in a ~lonlinear fks1~iou ( e . ~ . .  Uilson. 1981; Flood anti Row. l9W: Flood and Taylor. 1996: 
Bansal. 1997: Huihman and otlten. 1998; Bansal and Dahlyuist . 2000: C'fwida and ot,hers, 2003, 
2006; Sercu and Vmdebroek. 2005). the potential iu~portance of not~linearities to shed light on 
the forward bias puzzle remain* largely under-researched. The present paper fills this gap. Our 
enlpirical fralt~ewwk provides a characterization of the [TIP condition .sllich allows us to test sornt. 
of the general pfeclictions of the li~llits to speculation hypothesib and to assess its pot,ential to 
explailt the forwwcl hiw ptlzzle and the excess ret~irlas predictability doroniented in the literature. 

Our empirical r~sults. obtaiiml ubing five major U.S. dollar exthangc lates and consideri~ig for- 
ward rates with 1-  and 3-rnontli maturity. artx as follows. First. thew is strong evidencc that the 
rclatiol~ship between spot atlcl forward cxclrangc rates is characterized hy sigriificarit nonlinearit it&>. 
While the detection of nonlinearities jn this context is I I O ~  novel per se. our enlj>irical model provib. 
especially useftd for understanding the properties of deviations from UII'. In particular. consistcwt 
with the lirnits-trrspectilatioll hypotliesk which we use to motivate our lwrlliriear spot-folward 1.1.- 
gression, we find that. when Sltarpr ratios are small, departures from liiarket efficiency and hence 
the forward b i a  are statistically significarit and persistent but econon~ically too small to attract 
speculative capital. while when SShttrpe ratios arc large enough to attract speculative capital. the 
spot-forward refationship reverts rapidly towards the VIP condition. 

Second. in a battery of JIonte Carlo experixaents we detttonstrate t l tsr .  if tiic true data gerteratilig 
process (DGP) gowriting the relatiollsliip between spot and forwaid eschaltge r a t e  were of the 
nonlinear form we consider in this paper. we can replicate the empirical ~esufts generally reported 
in the literature. In particular, estimation of the conventiond linear spot-forward regressions would 
lead us to reject both the validity of VIP and the hypothais of no predictattility of foreign excltangitt 
ttxcess returtis with pa-tsameter estinlates that are close to the ones observed using actual data. 
Hc)wever. tttt. failure of VIP and the firldiilgs of a forwitrd bias and prdictiibility of excess returns 
are featurea that the DGP lms only when expected tle~iations from t'lP iwc tiny enough to lw 
econotnicidly urriznportant am1 u~llikt>Iy to zittmrt spccnlative capital. 

Our i~itttrprc!tation o f  ttrc empirical xiid hlo~tlc Carlo vvictencc iii this pttpcr is tirat the styliz~cl fitct 

that the YIP condition is statist ically r t ~ j ~ f d  by the (fittit ib 1 ~ ) t  ~ ~ ~ d i c i i t i ~ t :  of substantial market 
ineffkjencics. I~ideed. t f~c it~efficiencie implied iy this rcjwtion a p p a r  to ISC tiny. and it i~ not 
clear. oil the bahis of the evidcncc in this paper. that they are economically important 

The rest of the paper is organized as fbllows. Scctiun II  provide> a11 outline of the theoretical 
backgound and introci.tlces the liriiith-tc+s~)ecuIatio~i liypothesi5. Sectiw III clebcril>t-.s tllc e.iupir.ic.ii1 
framework used to analyze the rcl~tio~rsliip betwwi~ spot and forwar11 excl~mge rates. Xn Sectis11 



If. UIP and the Forward Bias Puzzle: A Nonlinear Perspective 

A. The Forward Bias Puzzle 

l u  an t%cinlt speculatiw market. prices should fuiiy refletst inktro~iitioll available to market pnrcic- 
ipaxts iuid it should bc imp~ssif~le for a trader to earxi excess returm to  speculation. Under foreign 
exclm~gcb market cfficierics iitrtl 1.isk neutrality. UIP liolds: 

wlwe sf clertotca the Iogitritlm~ of the spot exchangc rate (domestic price of foreign currency} at 
t m e  f :  rf.i iuid are the nouhal interest rates availahlv on similar tlanestic and foreign securities. 
respectively (wi th  k periods to maturity); Akst+k s st.+& - st: and the mperscript e denotes the 
inarket uspr*ctation baaed 011 ~nfort~iatio~i at tirne t. Testing VIP in its form as given by Eqriatioil 
( 1  ) is talitittnoullt to testing the joint hypothesis that foreign c?xclli~iige market participants are. in 
an aggregate senw. i )  enclowd with rational expectations s i ~ i  ii) risk neutral. 

Jltut often. Imweve~. cmpiritid alialyses of VIP have taken place in tlie context of the relatioiisiiip 
Iwtween spot and forward rxdiange rateb urider the assuniption t ltitt ccwered interest parity (CIP) 
Itolcls: f: - 5 ,  = zt  k - i:.i. tvliere f: is the logarithm of the b-period forward rate (i.e., the rate 
agrervl now for an exchange of curreltcies k periods ahead), lntieetl, CIP is a reasonably mild 
nssumptioli. given the p.xcttiisiw empirical evidence suggesting that ('IP holds (Frenkel and Levicft, 
1975. 1977: Taylor. 1087: fox t+ .survey of this evidence, see. eg.. Sat-no tmd Taylor, 2003, CL. 2).  
Xute that. unlike CIP. UIP is not an arbitrage condition because one of the terms in the VIP 
equation.  tamely the exchangr rate at time 2 + k, is unknown at tirne t, and, therefore, non-zero 
deviations from UIP ex ante do t r o t  ~~i.c~sssuily imply the existence of axbitrage profits ex post clue 
t o  the foreigli exchange risk i~sMftiaff?d with future excharlge rate moseInenth. 

Using CIP and replacing the irttcwst rate differential i tYA - i j l  with the forward premium for forwarcl 

discou~~tf f! - $ f .  a ~lurnher of rcsearclters have tested VIP by estiinating a regression of the fom: 

wliere ufe have t-ustl~rled k = 1 for si~upllcity. arid vl-l is a distrlrttance term. Vnder VIP. a = 0. 
tile slope parameter ;1 =r 1. wntl the c1isturbaric.e term tTt+l (the ri.\tiotlA) expectations foreeastst error 
undcr tilt> indl hypotlie~is) imst 1w ~~iworrelitted with ir~f~rxriatioi~ n ~ i l a b l e  at time t (e.g. Farm. 
1984). 

Empirical studies based un tlrc:  t*stilniiti~ll of Equatiort (2) for ii large variety of currencies awl 
tilne periudh. gener.nll?- reptxl results wliiclt reject I'lP ( e . ~ . .  see tlw references iri the survey of 
Hodrick. 1987: Lwis.  19%: ?"i1>.lor. 1995: Ellgel. 19'36: Sarno. 2ft05). Indeed, it constitutes a 
stylized frtc.1 that estinmtrs of using exef~ar~ge rates against t h ~  V.S. dollar. are often statistic&\. 



I'hr literaturt: l l z ~  dsct 1 1 i ~ t 3 5 t i g i i t ~ t l  tlir preciictabiIity ctf C-IF deviations f o t  foreign excl~tifg(~ ex- 
cebs returns) itsilig the fortvarcl prenlluttl its tsi predictor variable in x l i n c w  ntodcl ohlaittcd fro111 
reparitriit~terizing Eiltt;rt iou (2 )  as IbIlows 

where the excess returns ERt+l r Ah,, 1 - ( f :  - s t )  EE st+l - f). This regression was investigated. 
for example. by Rilsou (1% 1 1. Eitnra ( 1Rti.l). and Backus. Gregory. a i d  Telmer (1993) and was 
shown to generatc strong predictat1)ilit~ of  tlxcess returns (deviations from VIP) on the basis of thr 
lagged forward ptlwittrlt. Spwificdly, while ,3' should he zero under UIP. the evidence. consisterit 
wit11 a ~legrttivc estitmte of 3 in Eyuitti~m (2) ,  is that 3T is negative and statistically significalitly 
tliffercnt front zero. Clearly. given that Eytiar ion (3) is obtained simply from reparamet erizing the 
F a ~ u a  rc*grcssion ( 2 ) .  the ft)l-ward bins puzzle arising from Equation ( 2 )  and the preciictabilitv of 
excess returns documented on the hi& of Equation (3) must be linked. mid ans  oxplanaiio~l of tlits 
forward bias puzzle (d  f I \  ought to he able to  explain also the finding of a noii-zelv valur* t t i  $3- 
in Equation (3). 1% ~ h d l  return to the link between the bias puzzlch ~ t l d  the prtdic.t iibilit 1 
of excess returns in Section 1'. wltcrc we will show that both time styliztd farts can iiidet4 ftt. 

matched using a x~ortlirtear tnodef of regime-dependent UIP tieviations which is rlttiotidizet-l 11s  lie 
existence of limits to foreign exchange speculatioxi. 



B. The Rationale far Nonlinearity in the Fama Regression 

The idea t h a t  there may l x  ~~odiwaritieb i n  the spot-forward relationsl~ip is not novel. For cs- 
an~plcl, the work of D11ma5 r 1992) on general equilibrium models of cxeitange rate determiriatioil 
111 a spatially separated work1 with internatiorial trade costts gerzerated a variety of exchange rate 
equations where noiiiillal esrhwlgt* ri~tes are shown to depend nonlinearly on their fundainentais in 
H way that reversioil t0mards i~ i t~emaf io~~d  parity imtiitions is a fimction of the size of the de~~ ia -  
tion from the parity conctit ions t l~ernselvcs-- e.g., see Duxms (19Y2, p. 174. Equation 23); see also 
Baldwin (19% I ) .  Hollifield nilti Uppal ( 1997) aud O h t  feld arid Rogoff (2000). Sercu and Uru (2000) 
derive. ia a partial equi1il)riniil xi1rwlt4. ari expressjon for the spot-forward relationship where, in the 
presence of t ~a~~sctcrron costs. t q ~ c t e t l  txchange rate cha~iges arid forward premia axe imperfectly 
aligned, inthrcing ~totlliricariry in the spot-forward relationship. Mark and Moh (2002) and &lo11 
(2002) bt11tJy corttii~iiot~~fi~iie n~odels wltere VIP is a st,ochastic differential equation which ha3 
solution wlit!ro the P X C ~ I ~ \ ~ L ~ P  rate is a nonlinear furretion of the interest differential. modelled m- 
rordiltp, to ii jump-difli.~~io~~ prwess regulated by occasional centrsl bank intervention. This rnoclel 
records some success in nlatclling sowe of the moments in the data and is capable of shedding some 
light on the forward bia\ puzzle. u4en central bank iutervention is not announced and takes the 
market by surprise. 

A related. ititwit diffiwnt . rat ioltalizittirm of ~.ionlinettrits in the spot-forward relationship stems frorn 
the Iiiilits-ti>spet:ulatioll hypothesis. A rich account of t l ~  inrpUcations of limits to specufntion fos 
market e%c:iency test$ and the nonlinear heltavior of tfesiations fron~ T;IP is provided by Lyons 
(2001, Ch. 7. pp. 209-20). The line of reasoning is that financial institutions will only take up 
a currency trading strategy if t I 1 ~  strategy yields a Sharpe ratio at least equal to an alternative 
illvestment strratcLgy. hay a buy-alld-hctld equity strategy- As it is well known, the Sharpe ratio is 
commonly tlehetl ah (E[R,] - Rf)lcr,. where EIR,] is the expected return on the strategy, Rj  
is the risk-free interest rate. arid v, is the standard deviation of the returns to the strategy. 1x1 
essenw, the Sllnrpe mtio iuay be s e w  as the expected excess return from speculation per unit 
of risk, Given tliat tlic-. re;ilixccl Sharp  ratio for a buy-and-hold equity strategy has averaged 
about 0.4 oti an a~lminl b a h  for t11e Urlited States over the last 50 years or so,4 a buy-arid-hold 
ctlrrericy tradi~lg strategy yielcting a Sharpe ratio lower than 0.1 would not be worth takixtg up. 
Although the specific example ill Lyons (2001) is based on coiuparisons of urmnditiortal buy- 
aid-hold Shnrpe ratios (static strategies) with ctlrrencs and ttqt~ity strategies. the same logic is 
applicable to cornparisoils hetwcmi two (or r ~ i o r ~ )  dy~litltlis. ~onditiomf strategies, where one \von1d 
examine conditional Sltaspta ratios at a ptri~~t i r~  tinw and engage in market-timing activities. 

Noting that uxlcler the nu11 laypotlresis that VIP Ilolds (i.e,. foreig~ eschange market efficiency). 
a = 0 m~ct ;f = f itt Eyimtiw 12) t ~ i d  t l ~ c  Sltarpr ~atict of currency strategies is zero. then it is 

'The asrmcgtvc'sc cAcb I V I  ititl i t  Iw i t u ~ l r ~ i  <t ior  o f  t hc S h a ~ p e  iat lo) is about (1.7 autl r tic. ~itiiuahzed standard deviat~un 
ol rpt ttrnh ( I  h r .  (/t~iii)li1~11i1tc>s~ rtglalh r\t>o~tt 0.17 ( s w  l.vt)lth. 2001. 11. 210). The hglltt. of 0 4 IS also reported by Sllaipe 
(1994. p X~ 



only whe~i ,7) ciqmrts fro111 unity that thrl iluttrvratol. of the Shitrpe ri.rtio takes nonzero values.;' 
Illdcetl. accurdi~lg 111 Lyo11?.'b ~aicu~~tiolih.  i f  is oill). wllm 3 < -1 or $3 2 3 that the Sharpe ratio 
for currency strategies is abcti~t t be ~;auic3 as the iivcrage from a buy-a~l-hold equity strategy. i.e.. 
0.4 (sec Lyons. 2001, p. 210). This a r p ~ ~ r n t  effecti\.r.l\- defines a band of inaction for the forward 
bias such that if - 1 < ,j < 3 finai~cittl i ~ t i t u t i o m  would have no incentive to take up the curreilcy 
strategy since a buy-anti-f~old qui t \ .  strategy \I-otifd 1l;tve ix higher return per unit of risk; within 
this barid of inaction the forward b i a  and txpc~cted deviations from IiIP are too small to attract 
speculative capital and. therefkre, do not imply ally glaring profit opportunity. 

In its essericc. the limits-to-sp~ulation argument itaplies that. witliiii a certain band of 13 (and. 
consequently of the Sharpe ratio). the fortvarcl b i a  dot+ not at,tract capital i'ttlrl hence nlay poten- 
tially persist for H long time. In some sense. this argument suggests that limits t o  speculation and 
the existence of atlr opportunity cost of' speculative capital create a baud for the deviations from 
VIP where the marginal cost of taking tip a currency strategy exceeds the marginal benefit." The 
crucial implication of t k  above aaalysis is that when limits to speculatiott of the kind described 
by Lyons (2001) are taker1 into accoutit. thc spot cxchangc rate and forward exchange rate need 
not move together at all times and. indeed. they may ever1 move in opposite directions within a 
bounded interval without giving rise to any glaring profit opportunitieh. This arguniertt is also 
consistent with the evidence that 3 (and hence the forward biiu) is in fact highly timevarying. 
inducing parameter instability in standard linear regression nlodefs which assume a constant t+aIue 
of @ over time ( B ~ l l i e  and Bolferslev. 2000). Arguments of this sort  nay be used t o  motivate the 
adoption of threshold-type models of the type originally proposed by Tong (1990) t o  empiricall~ 
cl~arwterize the spot-forward relatioiiship or the behavior of deviations from UIP: t h a e  tt~wsholtl 
models ~ o u l d  allow for a band withizr wl~ich 8 may differ from unity ancl niay be positive, zero. or 
even negative. while outside the band the process switches abruptly to bccwie exactly colisisterit 
with UIP and 13 = 1. Strictly speaking. tmurning instantaneous allttcation of speculative capital to  
currencies at the edges of the band of illaction then implies that the tliredlolcls become reflecting 
barriers. 

Nevertheless, while threshold-type models are appealing in this context. various arguments can bc 
made to rationalize multiple-thrmhoid or smooth. rather t hnn single-threshold or discrete. nonlinear 
adjustmetit in deviations fro111 TIP, First, the thresholds may be interpreted more broadly t o  reflect 
the opportunity cost of speculative capital, proportional transactiowi costs, and the tendeucy of 
traders or financial institutions to  wait for sufficiently large Sharpe ratios br:fbrca entering the market 
and trading (see, for example, Sofianos. 1993. Ned. 1996, and Dumas. 19921. 

Second. one may argue that the assumption of instantaneous t,rti.de at the edges of the band of inac- 
tion shoulcl be replaced u3.h the presumptiurj that it takes sotrre time to observe x profitable trading 
opportunity and executc transnctions ancl that trade is infrcqueni (Dum~.rs. 1992) and characterizecl 
by "limited participation" duv to the fact that informatioa costs may I imt  the participation of sowe 

rate variances a ~ d .  in the ca.w of moitiplc t~x~hiingr rrttr h t s ~ t r g i ( ~ ~ .  dlW the ~ \ ~ I ~ I H I I c . ~ %  itrllo~lg tilt) exdmuge THIP+ 

cotzxidered in the currency htrategv. 
''The litnit,- to bpcrr~latiori hypoti~astb prolmwii bv Lvons ('2ftOi tt l*o inspireti in the limita to athitmge t1rrol.s of 

Shleifer and 1'icill.w t 1997). Sfildrr artd \ ' isho~'*  t~1rrrlc4 allows tor dgettcv lrirt tom 111 psoir~siolral nlctnoy mat~agerr~wr 
ru lead t o  lrm aggle*lw tnrrhg thaw in 8 hic~ionle~.~:. ~ i i d c l .  :.o tlmt orzls limittrt .cprc.ul~tivt* capital ih atlocc~rtd to 
the tiadiag ttpporttn~ities w i t h  tlw higbebt Sharpe ratio. 



c.l;issr~s of tratlcis in dcrisatl\ t2b  luarkets (Grcx;st~ian and J2'eiss. 1!%3: Hirsftieifer. 1988). Essentially. 
li~nitcxi ~mrt iripiition ntotlcls ;tssutut. that agents d j u s t  their portfcdiw infrequently, with a different 
~ ~ f ) s t * t  o f  tigianth i~djtlstirtg 111 c w  h period. Limitrd pal-t~cipatiou ill the foreign exchange market 
Ir\. rmifina~ic*ial corporations iultl u~~fcveraged in\-estors7 in~plieh that their portfolio shifts will bt. 
gradual. ratlw thall nbr~ipt I L w n s .  2001. p. 218 j. 

Third. in a niarket with I~t~tr~roga~co~is  ctgents who fast* difgerent levelti of posit<ion limits. agents 
essentially face 1)ands of diffiw~it sizeh. For rr:lativdy s~r~a i l  deviations of d from the edges of the 
band of inaction. only son~e t rdc rs  or institutions will be able or willing to  effect trades. As 
dcsiiitions frolit tltc edges of tht* f t i w l  get larger. then progressively more agents will enter the 
njarkct to effwt trades Thus. the forces pushing i"l toward the b a d  of  inaction will increase as tlte 
clesit~tioiis from tlic edges of the halid irictease since tat  increasing uu~iiber. of agems face profitable 
opportunitii~h. Consqiiently. we slmuld observe a smooth trailsition toward UIP, with the speed 
of reversion of the deviations from VIP toward zero irrtreasing with the degree of violation af the 
itand of iliactio11 itself (see Diil~iu.  1992)." 

Overall. the arguments disc-usscvl ahow suggest that limits to spwllaticxi create a band witthin 
w]lith VIP does itot hold a i d  u-hc~c. spot and forward rates ruay be ~~nrela ted or even move in 
oppositt~ directions furthvr. tfev~ntioris from UIP can stray bcyo~rd the values implied by the edge\ 
of the band. Olice Shttrpc mtios are Iarge enough to attract s~rf"cuIative capital, deviations from 
UIP bwomc increasingly rncaan reverting with the size of the Shwpe ratios. Under certain restrictive 
ronditioris (inc.l~iding. inter iih. identical 1i11tits to speculation and position limits, and honiogeneity 
of agents). the rewrsion to IUP (,7' = 1 )  may be discrete. but in general it is smooth, and Terbvirta 
(1!)93) aiid Granger axid Lee (199'3) suggest that even in the fonner case, time aggregation will tend 
to blif00th thti trans~tion between regimes. Hence, sniootth mt lm tthmt discrete adjustment may 
h~ appropriate in the present context. and time aggregation and notisptchronous adjustment by 
heterogeneous agents arc likclj* to result in smootli aggregate rogiinth switching. This is indeed 
the kind of behavior we shall try to capture in our empiricd franietvork, as discussed in the next 
section. Also. note that this iwhavior is consistent with the evidence that spot and forward exchange 
rates are cointegrated ( B ~ w n e r  and Iironer. 1995; Clarida and others. 2003) since the wedge 
between excliange rate iimwueuts and the for\iwd premium cannot grow to  infinity without agents 
regitsding departures from tJlP ;is i~o~ionrictilly important and exploiting them. It is this speculative 
protern that binds together spot rind faravard rates in the long run, in the same spirit as the general 
arguments i n  Brenner aid Iironer (1995). This modeling strategy is also consistent with the 
evidence of para mete^ instrhility reportucl in Baillie aid Bollerslev (2000). providing a rationale for 
the result of instability of t h ~  yara~mter $3 over time: tinder the working hypothesis of nonlinearity 
induc~d by lirnits to qxculatiori. .3 is a function of the-wrying Sharpe ratios and, therefore. is 



111. A Nonlinear Farna Regression 

A. Thc Empirical Framework 

where .ef+l is a distu~.tt;uiw term. The transitiol~ fttnction G [ER; .?i determines the degree of' 
reversion to zero of the denations frow VIP and is itself governed h~ the parariieter 7. which 
effectively determines tfir sped  of  revrrsion to VIP. and the transition variakle. The transition 
variable is it?,st~~ned to he tIic tq,ectetl excwss retttrn ER;;  specifically. EER; is the deviation from 
UIP at time t + 1 that i s  expected 1,y lilarket participaiits coiiditional on information a\-iul&le at 
time 1. Tllerefore, d l  terms on the right-hand side af Equation (4). namely f /  - st a11d E J ? ~ .  are 
known at t in~e t .  

A simple transition fwction suggestd hy Granger artd Terasvirtil j 19% 1 and Tt:r%svista. {l9'34. 
1998) is the exponential functiun: 

in which case (4)  a-oufd be termed iiti exponential STR or ESTR model. The exponer~tisll transitlo11 
function G is bounded between zero iitltf unity. i.e., G : R --. iO. 1:. I t a s  the propertie G[Oj = 0 
and f i~u , ,+~ Giz] = 1. ru~d is syl11111etricil31> inverse-bell shaped arouritl zero. Tbesct properties of 
thc ESTR model are particularly attractive in the present context because they allow a. smooth 
transition between regimes and synimetric adjustment of the deviations from UIP above and below 
the equilibrium level, consistent with the lintits to speculntion hypothesib. Note dso  that. given 
the definition in Equation (5). which relates G to H linearly. H : 3 + [Q,  1:. has the propertie! 
H[O] = 1 and lim,,;t, H [ x ]  = 0. and is symmetrically bell shaped ~ o a n c l  zero. Obviously. G =. O 
when H = 1, and G = 1 when H = 0. 

The transition parameter -" determines the speed of trareition between the two extreme regimes. 
with lowr absolute values of 9 implying slower transitions. The "lowcr" and "upper" regimfi 
arc defined ;s the regimes corresponding to the two extreme values of tlic transition huetion. 
where Gf.1 = 0 and Gf -)  = 1 .  respectively. Inmstigation of the properties [of the model in these 
two extreme regimes sheds light on the stability awl dynamic properties of the STH model. I'lle 
argurneirts in the spirit of limits t o  spc~ulation suggest the restrictiot~s CQ = --at and d2 =r 1 - 

Under these restrictions {which we test for~nally in our empiried work). the Iower regirnc 
corresponds to ER; = 0, wl~ere G(.) = U and Equation (4) becolitcx a standwd liueas Ihira 
regression of thr form: 

= fal -g. 3l (6; - s t ) ;  t- E ~ + I .  fs) 



This f~riiiltli~tjon of t l w  ~ionlhtw Ft-,tnta regression ha5 sevr:ral virtues. First, the model nests tlw 
star1d;tr.d l i l l t w  F;i~il;l regiessiw. t rt which it .rvould rollapse in thc absence of nonlinearity. Second. 
under the rtu;trictions t t?  = - i t l  and R2 = 1 - $3*. whirh are fornially testable using standard 
statistical i~~fercnrc. this sj,ecifii.ation captures the  behavior of the deviations from UIP is 

inipiitri by t l ~ e  theor~tinil c.onsideri+tions discussed in Section I f .  Deviations from VIP may be 
persistent a11t1 coiisistent wit11 the well-krrowrrl forward bias when they are in the neighborhood of 
UIP. that is. wllei~ t?xppc:tt~rl excess returns are too small to attract speculative capital. In this lomr 
regjrrle. TJIP does xrrut Itold itlit departures from UIP are economicafly smail. However, for larger 
expected deviations h-orri VIP (of either sign) that nicw exchange rates toward the upper regime. 
financial institutions would take up tlte glaring profit opportunities providtxl by currency trading 
strategies and induce reversion touwds the UIP condition. 

In short. the iriodtlt ahws  for departures from \iIP at all points wtclrrc the transition function 
G ( ) .= 1 - H (.) # 1. l'liere is only one value of the transition function and one set of parameter 
restrictions that allow us to  concludethat VIP hofds (rational expectations and risk neutrality 
we both valid). 111 esmm3. the  model n i q  be sren its a characterization of the relation between 
spot arid forward rates that allows for departures from UIP, while yielding UIP under specific 
restrictions. The conditions 0 2  = -a1 and d2 = 1 - ;jl guararbtet. global stability, as exchange rate 
clianges are moving in responsci to the lagged forward premium in a way to rest,ore UIP under thaw 
conciitions. Put a m t h ( ~  way. the model is consistent with the evidence of cointegration between 
spot and forward exrha~igct r i~trs .  because the long-run tendency of the nlodet is the UIP condition, 
where - ( f :  - 6 , )  = 0. Bt:causc Asi,* is stationary, and each of f',' and st is rionstationary. 
the d y  way in whicli As,+l - (f: - s t )  can be stationary is if f,' and .st co-move in the long run 
and coiritegrate with a longrun parameter of unity (e.g.. Brcnrter and Kroner, 1995). 

Sate that the transition function, G (.) is defined as a function of the conditionat expected excess 
return, En;.  Strictly bpeaking. the arguments preseured in Section 11.3 are in terms of (cotiditional 
or unconditional) Sharpe ratios. which would require us to use the expected excess return divided 
by the standard deviation of the excess return. We use survey data on exchange rate expectations 
to construct a proxy for t tta conditiortal expected excess return. As described in the data sect io~~ 
below. survty data to proxy a cotlditioiral standard deviation are not available. Consequently. in 
the empirical work. we standardize the excess return by its unconditional standard deviation (see 
Section 1V.B). This proxy is. Itowever. imperfect in that the Sharpe ratio is calculated usirlg the 
conditional expccted esct5s return in the numerator and tire u~iconditionai standard deviatim iti 

the denonlinnio~. We shall test for robustness of our core rt'sults using an alternative proxy fm 
the risk factor in the clenominator of the Sliitrpe ratio. namely. the implied volatility from currency 
options. 

\Ye note that. if' tlitt true DGP of the spot-forward relationship is inded nonlinear of the forni 
(41, titea 3. as gisw 111 Equation (2). will lie in the intenlal between B1 and (8, + B2) = 1. 
It seem$ plausible that if' the distributiol~ of VIP deviations is consistent with the majority of' 
observations being in the lower regime (where 3 may be negative and tlir forward bias is e~pectetf 



It is also instructivt~ t o  ltymrmletcmzr t hc t~ol~lmem Fanlit r~gression ( 4 )  111 twrns of deviations fsstn 
UIP Iw suhtriicti~ig tht. torward p l r ~ u i o ~ r .  (f,' - st j fritni Itoth sides of Equittion (3) tts fo11oivs: 

The discussion uxt the efi'erts of' litnits to speculation irt  the previous hection suggests thitt the larger 
the expected deviation from VIP. tiiv larger the effect of spc~ulative f'orws in generating reversion 
toward UIP. Tiis implies that ivhil~ ,j* <: I1 i h  a$inissif)lp in Eqtlatioii (8). one must have d2 > If 
and 13* $ i32 = 0 for t h ~  f'orivard premium to lime no predictive power oil future excess return& in 
the uppar regil-rte. 

Note that Equation (8) he seen n4 the ~lonlinear analogue of (and indeecl nestsf the gredictabil- 
ity regression (3).  exactly like Eqwttio~l (-3) is the nonlinear analogue of the Fame regression (2). 
Hence. Equrttiaii (8) alsct lta?; iinplications for conventional tests of predict;tl)ility of excess returns 
using the forWiird prerniuln ;tk ti 1)redictor vasiabic based on a linear model obtained from repara- 
meterizing the Fama regression (2) .  Clearly. if the true DGP of VIP tlc~iatians is indeed nonlinear 
of the form (4'1 (or (8)). then $1' as given in Eyttation (3) will lie in the interval between .i* 
and (3' + Bz) = 0. Wliether 3' is c.loser to 3* or to (,?* + 8 2 )  will (1epend on the distribution of 
UIP deviations, but it seems at least possible that if the distribution of U P  deviations is consiste~rt 
with the majority of ohscrvations heing in the lower regime om may find negative and statistically 
significant estimates of' ;j7 from estimating Equation (3). Again. we shall investigate this iss~w in 
Section V using RIonte Carlo metfiods. 

Granger and Teravirta (1993) a id  Tes&virta (1994) also suggest the logistic functiolt as a plausible 
transitiou function for some applications, resulting in a logistic STR (LSTR) xnodcl. which implies 
asymmetric behavior of the deviaticms from UKP according to whether they are positive or negative, 
which could potentially arise in the context of this paper due to, for exaniple. short-sale restrictions, 
Hence. we do test for nonlinearitics arising from the LSTR forlnulatioli as n test of specification 
of the esti~nated nioclels in the section ciiscussing the empirical wdysis. Also. as a prelimi~iary to 
our estimation of a nonlinear Fama regression. we evaluate the atleyuateness of the linear Fwna 
regression by performi~lg tests of linearity against nonlinetuit?* of smooth-transition type (for both 
ESTR arltl LSTR forrnulationsj and by testing the hypothesis of symmetry directly. 

However. we wish to e~npl~asize that. while our empirical analysis is inspired 11s the limits to spec- 
ulatjon fiypotl~esis. we do not claim to provide it direct test of this specific hypothesis. but rather 
a test of i ts general predictions for the relatiouship between spot and fostvard exchruige rates. Our 
approach is ltes!st iuterpreted n.3 tin empirical chsrwterization of the spot-forward relationship moti- 
vated b?* the limits to speculation hypothesis or simply its a11 pmpirid inwstigation of pwsitnonious 
rnodels of foreign exchange exes?. returns. In pnrticulas. altltougll wtl have focused on a specific 
norllirrear forrnulatiun of the rclationsliip bettwen exchnnpe rates and forward premia cayable of 
capturing some of tiie key prdictiotrs of the limits to  spt(-uiation hyp~tltmis. we cannot disct~rci 
the possibility tliat the hoilrce of nodiliearitifu we docult~cttl below is a factor 0tlier than lilltjts to 
sprcdatiori. 



B. The Solution of the Model When the Market Expectation Equals the 
Mathematical Expectat ion 

In this subsection, we further clarify the properties of the model and the treatment of market 
(subjective) expectations and nlathematical expectations. Taking expectations of Equation (8) 
and defining the mathematical expectation conditional on information at time t as Et (yt+1) = y r  
yields 

ER;" = [a1 + (Pi - 1) (f: - st)] + [ a 2  + 8 2  (f: - st)] G [ E R ~ ,  y] - (9) 

Then, noting that the market expectation needs not be equal to the mathematical expectation, we 
can define 

ER; = E R F  +q t  (10) 

with qt = 0 if rational expectations hold. Substituting (10) into (9) gives 

We can now formally derive the conditions under which there is a unique solution for ER; in this 
model. To this end, let us impose the conditions under which the theoretical implications of the 
limits to speculation hypothesis hold, i.e., a 2  = -a1 and P2 = 1 - P1, and with expectations formed 
rationally, i.e., ERE = ER;" and qt = 0. Equation (12) then becomes: 

where H [ERF, y] = 1 - G [ER;", y] = exp [-? (ER,)~]. 

Building on the results of Peel and Venetis (2005), the solution with respect to ERT is as follows: 

ERT = exp {-o.~IY [27 [ul + (PI - 1) (f: - st)12]) [a1 + (PI - 1) (fi - st)] (13) 

where W(x) is the Lambert T i  function (also called Omega function), defined implicitly as the 
solution of W(x)eW(") = x; see Appendix I for a derivation of this equation. The solution captures 
the expectations-consistent process and embodies the notion that expectations are a monotonic 
function of the current forward premium, (fi - st) .  The expectations-consistent process implies 
that adjustment to UIP is faster the greater the expected deviation from UIP; essentially, on the 
basis of information on the forward premium, (fi - st) as well as the parameters a1 and (PI - 1). 
agents form expectations of UIP deviations next period, which may be seen as underlying a carry- 
trade type strategy of the kind commonly followed by foreign exchange speculators. Speculative 
forces would therefore be increasing in the current forward bias, related to the expected deviation 
from UIP according to Equation (13). which is the underlying rationale of the arguments described 
in Section 1I.B-see also the discussion in Peel and Venetis (2005) on arbitrage and expectations 
consistency in the context of arbitrage in international goods markets and purchasing power parity. 

The Lambert W function does not admit a closed-form expression, and so it would have to be 
approximated in empirical modeling if one wants to take to the data Equation (13) (see Corless 
and others. 1996, and the references therein). However. this is not a problem in the context of 
this paper because in our empirical model we employ survey data on exchange rate expectations to 
proxy the transition variable. ERF. As discussed later. these expectations data are well known to 
be correlated with the forward premium. a fact that is consistent with the above theoretical result 
that expectations of UIP deviations are a monotonic function of current departures from UIP. 



IV. Empirical Results 

A. Data, Summary Statistics, and the Fama Regression 

Our data set comprises weekly observations of spot and 4- and 13-week (or one- and three-month) 
forward U.S. dollar exchange rates against the Japanese yen, the U.K. sterling, the German mark, 
the euro, and the Swiss franc. Due to data availability considerations and the advent of the euro 
on January 1, 1999, the sample period spans from January 4, 1985 to December 31, 2002, for all 
exchange rates except for the German mark (January 7, 1986, to December 31, 1998) and the euro 
(January 5, 1999, to  December 31, 2002). Following previous literature (e.g., Hansen and Hodrick, 
1980, p. 852), data are taken on Tuesdays of every week, from Datastream. To keep the notation 
simple, a four-week change in a variable is stated as a change from t to  t + 1, and f j  is the forward 
rate for a contract with j months (or j months to maturity). From this data set, we constructed 
the time series of interest, namely the logarithm of the spot exchange rate, st and the logarithm of 
the one- and three-month forward exchange rates, f: and ff ,  respectively, both at the weekly and 
monthly frequency. The core of the empirical work is based on st and f: a t  the weekly frequency, 
whereas we use the weekly ff as well as monthly data for st, f:, and ff in our robustness analysis. 

In order to construct a proxy for the expected excess return, E R ~ ,  we use survey data on exchange 
rate expectations from Money Market Services (MMS). MMS reports the median forecasts of sur- 
vey respondents. The survey provides data on a weekly basis for both one-month and three-month 
expectations of the dollar exchange rates examined. Participants to  the survey include exchange 
rate dealers, banking and corporate economists, as well as market economists. Because h4MS re- 
ports the median forecasts, this measure masks individual heterogeneity. However, to analyze issues 
related to market efficiency of the kind studied in this paper, one has to  resort to an aggregate 
expectation of the exchange rate and, therefore, the MMS measure seems appropriate. Unfortu- 
nately, MMS does not report a measure of dispersion of the MMS forecasts nor does it report data 
on forecasts of the exchange rate volatility. This prevents us from constructing the ideal Sharpe 
ratio, namely the conditional expected excess return divided by the conditional expected standard 
deviation. Essentially, MMS only provides us with the numerator of the Sharpe ratio. which we 
shall standardize by dividing it by the unconditional standard deviation in the core results and by 
the conditional implied volatility in our robustness checks. 

The advantage of using the MMS forecasts is that the properties of these exchange rate expectations 
are well-documented in the literature (see the references in Takagi, 1991; Osterberg, 2000: Sarno and 
Taylor, 2001). Specifically, expected changes in exchange rates have been found to have a tendency 
to underpredict actual exchange rate movements, implying that part of the actual exchange rate 
changes are unexpected. The evidence also suggests that "unbiasedness"-the notion that survey 
measures are unbiased forecasts of actual future outcomes-is rejected in time series evidence 
but is not rejected in cross-sectional evidence (Chinn and Frankel, 2002). Another feature of 
some importance in relating survey measures to  the rational expectations hypothesis is that MMS 
forecasts are not consistent with the "orthogonality" hypothesis. implying that survey data do not 
fully incorporate all available information, in contrast with the rational expectations paradigm (see 
Takagi, 1991; Osterberg. 2000). Finally, exchange rate expectations are correlated with the forward 
premium. suggesting that at least some of the variation in the forward premium is due to expected 
depreciation-or. in other words. the variation in the forward premium cannot be solely due to risk 



premia (Chinn and Frankel, 2002).' 

In Table 1, we report sample moments for several combinations of weekly spot and one-month 
forward exchange rates, including the forward premium ftl - st (Panel A), the depreciation rate 
st+l - st (Panel B), and the excess return st+l - ft (Panel C). The summary statistics confirm the 
stylized facts that each of f: - st ,  st+l - st and st+l - f$ have a mean close to zero with a large 
standard deviation. However. while the first-order autocorrelation coefficient of the depreciation 
rate is very small in size (never higher than 0.09) and generally statistically insignificantly different 
from zero, the first-order autocorrelation coefficient of the forward premium is generally large (in the 
range between 0.439 for Germany and 0.761 for the United Kingdom) and statistically significantly 
different from zero, and the corresponding first-order autocorrelation coefficient of the excess return 
is small (in the range between 0.053 for Germany and 0.131 for the euro) but often statistically 
significant. These results are consistent with the stylized facts that the forward premium is a highly 
persistent process, and the depreciation rate shows weak serial correlation (or the exchange rate is 
a near random walk process).10 

As a preliminary exercise, we estimated the conventional Fama regression (2) for each exchange 
rate examined. The results, reported in Table 2, are consistent with the existence of forward bias 
in that, while the constant term a is very close to zero and often statistically insignificant, ,B is 
estimated to be negative for all but one of the exchange rate regressions estimated, and it is often 
statistically insignificantly different from zero. The only exception is Germany, where the estimate 
of p is positive (about 0.32) and statistically significant, but this estimate does not comprise the 
theoretical value of unity that is implied by UIP when examining the standard errors. In the last 
column of Table 2 we also report the t-statistics for the significance of the parameter associated 
with the forward premiunl-namely PT-in a predictability regression of the form (3). Consistent 
with a large literature (e.g.. Fama, 1984; Backus, Gregory, and Telmer, 1993), we find that, for 
each exchange rate. PT is statistically significantly different from zero, indicating a departure from 
market efficiency (under which PT = 0) and that the forward premium, which is an element of the 
market participants' information set, can be used to predict foreign exchange excess returns. 

B. The Nonlinear Fama Regression 

In order to evaluate the validity of the assumption of linearity in the conventional Fama regressions 
reported in Table 2, we performed tests of linearity against the alternative of smooth transition 

!I However, all of these properties are based on empirical evidence that  originates from the assumption of linearit,?.. 
If nonlinearit,y and regime dependence charact,erize t,he unknown t,rue DGP linking exchange rate expectations t o  risk 
premia and forward premia. then this affect,s the reliability of standard measures of correlations as well as unbiasedness 
and orthogonality tests based on linear regressions (see Granger and Terasvirta: 1993). 

" ~ s ~ m ~ t ~ o t ~ i c  standard errors \yere calculat,ed using a n  autocorrelation and het,eroskedasticity-consistent matrix of 
residuals t,hroughout t,he paper (Newey and West, 1987). We also t,ested for unit root, behavior of the  spot rate 
and t,he forward rate time series examined by calculating several unit root test st,atist,ics. We were in each ca.se 
unable t,o reject the unit root null liypot,liesis for spot and forward exchange rat.es: whereas the forward premium 
was found t,o be stationary at  conventional nominal levels of significance. On the  other hand, differencing the spot 
and forward exchange rate time series did appear t o  induce st,at.ionarity in each case. Hence, the unit. root t,ests 
(not reported but available horn the authors upon recluest.) clearly indicate that  each of t.he spot and forward rat.es 
time series exanlined is a realization fiom a stochast,ic process integrat,ed of order one. whereas t.he forward premium 
is st,ationary. consistent with the evitlence t11a.t spot and forward exchange rates cointegrat,e (Brenner and Kroner. 
1995). 



nonlinearity, using the expected annualized excess return, ER,' as the transition variable. We 
followed the Terasvirta (1994, 1998) decision rule to select the most adequate transition function 
for modeling nonlinearity in the present context. This is a testing procedure designed to test the 
hypothesis of linearity and to select the most adequate nonlinear function between a logistic and 
an exponential function. As shown by the results in Table 3, the general linearity test FL strongly 
rejects the null hypothesis of linearity. Employing the Terkisvirta rule to  discriminate between 
exponential and logistic formulations led us to conclude that an exponential function (ESTR model) 
is the most adequate parametric formulation (given that F2 yields the lowest p-value). This finding 
is consistent with our priors and the limits-to-speculation hypothesis: discussed in Section 11. 

Given the results from the linearity tests, we estimate the nonlinear Fama regression (4) by nonlinear 
least squares under the restrictions a 2  = -a1 and P2 = 1 - P1 (which we test formally below). In 
estimation, we followed the recommendation of Granger and Terasvirta (1993) and Terasvirta (1994, 
1998) of standardizing the transition variable ERL by dividing it by the sample standard deviation of 
the transition variable, zERe ,  and using a starting value of unity for the estimation algorithm. Also, 
since this standardization applies to  the transition variable, which now becomes (ER;) / z E R e ,  the 
transition variable has a natural interpretation in terms of annualized Sharpe ratio, which tightens 
the link between the empirical framework and the limits-to-speculation hypothesis. 

The results, reported in Panel A of Table 4, indicate that the Fama regression is indeed highly 
nonlinear. The estimated transition parameter appears to be significantly different from zero, in 
each equation, both on the basis of the individual asymptotic standard errors as well as on the 
basis of the Skalin's (1998) parametric bootstrap likelihood ratio test (see the p-values in square 
brackets in the last column of Panel A of Table 4).11 The estimates of the slope parameters PI 
and P2 are correctly signed according to  our priors based on the limits to  speculation hypothesis; 
namely, we find a negative estimated value of PI and a large positive value of P2 such that UIP 
holds exactly when the transition function G (.) = 1. The only exception is Germany. where we 
record a positively signed estimate of PI equal to  about 0.15, which seems reasonable given that in 
estimation of the linear Fama regression we found that Germany was the only country for which a 
statistically significant positive value of P was found.12 In turn, these values imply that, for small 
Sharpe ratios (the transition variable), UIP does not hold and we observe a forward bias, while 
for increasingly large Sharpe ratios (which are likely to attract speculative capital), reversion to  
UIP can occur rapidly. These findings also imply that, since reversion to UIP occurs rapidly for 
large Sharpe ratios, the bulk of the observations of the deviations from UIP is in the lower regime, 
potentially generating substantial persistence in the forward bias, as predicted by the limits to 
speculation hypothesis. We shall return to the analysis of the distribution of deviations from UIP 
in Section V. 

The estimated transition parameters also imply well-defined transition functions. as shown in Figure 
1, which displays the plots of the estimated transition functions, G (.), against the annualized Sharpe 
ratio ER;/aER for each exchange rate. The speed of the transition funct,ions is made clear by the 

''Because t,he Skalin test of the null hypothesis that  y = 0 in the t,ransition funct.ion may also be construed as a 
test of nonlinearity. t,hese resuks confirm the presence of nonlinearity in t,he Fama regression for each exchange rate 
examined. 
 he sta.adard errors and test stat,istics in Table 4 are calculat,ed using an antocorrelation and het,eroskedast,icity 

consist,ent matrix of residuals (Newey and West. 1987). since t,he overlap of t,lie weekly sampling induces moving 
a.verage t.erms in the res id~~als  of order 3 for regressions based 011 a one-month forward rate-and 12 for regressions 
based on a three-lnontli (13-week) forwwti rate. report,ed in the  robust,ness section I~elo\v. 



evidence that the limiting case of G (.) = 1 is attained for each exchange rate except the euro, which 
is impressive given that we are dealing with weekly data. The transition functions also confirm how 
most of the observations of the deviations from UIP are close to zero, i.e., in the lower regime.13 

A battery of diagnostic tests is reported in Panel B of Table 4. We report a likelihood ratio test 
(LR1) for the null hypothesis of no asymmetric response of exchange rate changes to positive and 
negative values of the forward premium. This test, which was calculated using an asymmetric 
generalization of the nonlinear Fama regression reported in Panel A of Table 4, may be interpreted 
as a further test of the adequateness of the chosen nonlinear model and of its ability to  account for 
the nonlinearity in the data. For each exchange rate, we are unable to reject the hypothesis of no 
asymmetry in the STR model, therefore justifying the estimation of an STR model that imposes 
symmetric adjustment, as given by Equations (4)-(5). Using a likelihood ratio (LR2) test for the 
null hypothesis that cq = -a1 and P2 = 1 - PI, reported in the second column, we could not 
reject the validity of these restrictions at the 5 percent significance level. As discussed in Section 
II.B, these restrictions imply an equilibrium log-level in the model which is exactly consistent with 
deviations from UIP being equal to zero. For each of the estimated nonlinear Fama regressions, we 
then tested the null hypothesis of no remaining nonlinearity (FNRN), constructed as in Eitrheim 
and Terasvirta's (1996) and reported in the third column of Panel B. The null hypothesis of no 
remaining nonlinearity could not be rejected for any of the estimated models, indicating that our 
parsimonious generalization of the Fama regression appears to capture satisfactorily the nonlinearity 
in the spot-forward relationship.14 We also tested for the stability of the model by constructing the 
appropriate test proposed by Eitrheim and Terasvirta's (1996) for each nonlinear model. This is 
a test for the hypothesis of no structural break in the parameters (FNsB) specifically designed for 
smooth transition models. The results, reported in the last column of Panel B, suggest no structural 
break in the parameters of the model, with p-values reasonably larger than the conventional 5 
percent. 

Overall, the nonlinear estimation results uncover strong evidence of nonlinearities in the relation- 
ship between spot and forward exchange rates, with UIP deviations adjusting toward their zero 
equilibrium level at  a speed which depends upon the size of the Sharpe ratio. The estimated models 
are in each case consistent with the priors established by the limits to speculation arguments made 
in Section 1I.B. The bottom line is that our model is consistent with the forward bias characterizing 
only small departures from UIP. It is worth emphasizing, however, that this model does not imply 
that UIP holds all the time. On the contrary, given the persistence of the forward bias in the lower 
regime, UIP does not hold most of the time. The model implies that UIP does not hold when 
expected departures from UIP are economically small enough to be ignored by investors who are 
not willing or able to trade for such excess returns. If this is the case, then one may argue that the 
rejections of UIP routinely recorded in the literature are indeed primarily statistical, rather than 
economic, rejections of the theoretical link between exchange rates and interest rates (or forward 
rates). Before turning to a finer interpretation of our results, we discuss some robustness exercises. 

" ' ~ o t e  that  t,he Sharpe rat,ios on the  horizontal axis are posit,ive on bot,ll sides of the  midpoint, zero, t o  reflect t.he 
possibility of' taking long or short positions in t,he foreign exchange market. Specifically, if the agent believes t,hat 
the forward rate undervalues (overvalues) the dollar. tha t  agent will take a long (short) position forward, result,ing 
in positive excess returns. 

"To shed furt,her light on t,lw properties of the model, one can employ t,he ~nimei-ical .skeleton' procedure typically 
suggested in this context (e.g. Ter2s1.irt.a and Anderson. 1992: Ter&virt,a. 1998: Franses and van Dijk, 2000; see also 
De Grauwe and Grimaldi. 2005). Results on the implement,at.ion of this procedure are available upon request. 



C. Robustness Checks 

In this section we report several robustness checks carried out in order to evaluate the sensitivity of 
the empirical results reported in the previous sections. In particular, we assessed the robustness of 
our results to  the choice of the maturity of the forward contract and to the choice of the frequency of 
the data. The results are reported in Appendix 11. We re-estimated the nonlinear Fama regression 
(4) for each exchange rate examined using a three-month forward contract at the weekly frequency 
(see Panel A of Table B1) to  assess the robustness to  the choice of the forward contract maturity 
and then using a one-month forward contract a t  the monthly frequency (see Panel B of Table B1) 
to assess the robustness to the frequency of the data. The results reported in Table A1 show that, 
in each case, the estimates obtained are qualitatively similar to the results reported in Table 4 for 
a one-month forward contract at the weekly frequency. For the monthly data (Panel B of Table 
Bl) ,  the estimates of the slope parameters and the transition parameters are larger than for weekly 
data, as one would expect. However. the sign of the parameters is consistent with the results in 
Table 4, and their statistical significance and the evidence of nonlinearity are strong. 

Another check of the robustness of our core results relates to  the definition of the transition variable 
in the model. As noted earlier, the transition function depends on the conditional expected excess 
return, ER," standardized by the unconditional standard deviation, aER.  One would ideally wish 
to  have a conditional Sharpe ratio (conditional "expected" excess return divided by the conditional 
standard deviation of the excess return). Our proxy is, however, imperfect in that the Sharpe ratio is 
calculated with a conditional term on the numerator and an unconditional term on the denominator. 
This is because survey data to proxy a conditional standard deviation are not available. We test for 
robustness of our core results using an alternative proxy for the risk factor in the denominator of 
the conditional Sharpe ratio, namely, the implied volatility from currency options.15 The resulting 
proxy for annualized Sharpe ratios is now conditional (both in terms of the numerator, the expected 
excess return, and the denominator. the square root of implied volatility). However. it is still 
imperfect in some sense because the numerator is an expectation coming from survey data, whereas 
the denominator is implied by market prices under the specific assumption that the Black-Scholes 
model applies to  currency options. Nevertheless, this setting helps us to  provide further evidence 
on the robustness of our core results. 

Using this alternative proxy for the transition variable, we re-estimated the STR model for all 
five exchange rates examined and found that the restrictions implied by the limits to speculation 
hypothesis hold in each case. We also obtained convergence for each exchange rate model and 
parameter estimates that are similar to the ones reported in Table 4. In general, therefore. the 
use of this alternative, fully conditional proxy for the Sharpe ratio in the transition function of the 
STR model delivers results that are consistent with the core results in Table 4.16 

We also addressed thoroughly the robustness of our linearity tests results. The main concern 
involves the possibility of a spurious rejection of the linearity hypothesis when the test statistics 
FL. F3, F2. and Fl are applied to the Fama regression (2) in finite samples. We addressed this issue 
by executing a battery of Monte Carlo experin~ents. constructed using 5.000 replications in each 

' "~ ;eek l~  dat.a on implied volatility were obt,ained for the  sample period from January 3. 1986. t.o December 31. 
2002. from the Phila.delphia Exchilnge (PHLX).  the  maill currency options exchange in the  US a.ccording t.o t,he 2004 
Bank for Int,ernatiollal Set,tlement.s (BIS) Survey 011 Foreig11 En.chm~gr- n11d Derir~ntives AlwXet Actioitg. 

" ' ~ h e s e  results are not reported t o  conserve spa.ce since they resemble closely the resnlts in Table 4. 



experiment and with identical random numbers across experiments. The aim of the experiments 
is to  evaluate the empirical size and power properties of these tests and to gauge the extent to 
which one would reject the linear Fama regression when in fact that was the true DGP (empirical 
size) and the extent to which the tests would detect nonlinearity when in fact the true DGP is 
a nonlinear Fama regression (empirical power). In setting up the DGP for each of the linear and 
nonlinear Fama regressions. we calibrated the DGP on our results for the dollar-yen-exactly as 
reported in Table 2 for the linear Fama regression and in Table 4 for the nonlinear ESTR Fama 
regression. Given that our actual sample comprises 940 data points in total, we carried out the 
simulations for sample sizes of 470 (half of the actual sample) and 940 (the actual sample size) 
artificial data points. Our simulations results-reported in Table B2 for each of the 10, 5 ,  and 1 
percent significance levels-indicate satisfactory empirical size and power properties for each of the 
test statistics FL, F3, F 2 ,  and Fl.  In terms of empirical size, none of the test statistics displays 
evidence of substantial size distortion at any of the three significance levels considered. In terms 
of empirical power, the general linearity test F~ rejects about 73 (66) percent of the times with 
940 (470) observations at the 5 percent significance level when the true DGP is nonlinear. This 
is not the theoretical level of 95 percent but it is high enough to judge the test as satisfactory. 
The test statistics F3, F 2 .  and Fl are less powerful than FL but they appear to be satisfactory in 
discriminating between exponential (ESTR) and logistic (LSTR) specifications, as evidenced by the 
much higher power of F2 (linearity versus ESTR) relative to F3 and Fl (linearity versus L S T R ) . ~ ~  

The main result arising from these simulations for our purposes is that it seems unlikely, in light 
of the documented size and power properties, that we are detecting spurious nonlinearities in this 
paper since we find no tendency of the linearity tests employed to over-reject the null hypothesis 
of linearity when the true DGP is a linear Fama regression. 

D. Interpreting the Empirical Results 

Our empirical results provide clear evidence that the relationship between spot and forward ex- 
change rates is characterized by important nonlinearities. While this result is not novel per se, we 
considered a nonlinear model which may be viewed as a generalization of the conventional Fama 
spot-forward regression and which therefore may be used to understand the properties of deviations 
from UIP. Our nonlinear spot-forward regression was rationalized on the basis of the argument that 
the existence of limits to foreign exchange speculation can allow deviations from UIP to be both 
persistent and consistent with the well known forward bias within a certain range (e.g. Lyons. 
2001). According to the limits-to-speculation hypothesis, for small Sharpe ratios the forward bias 
does not attract speculative capital, which can be more profitably invested in alternative invest- 
ment opportunities for the same level of risk. However. as Sharpe ratios become larger, agents take 
up positions in currency trading strategies. which induce the spot-forward relationship to revert 
exactly to UIP. Our nonlinear model parsimoniously captures this behavior and our estimation re- 
sults uncover robust evidence that five major spot and forward dollar exchange rates have behaved 
in this fashion over the 1985-2002 sample period. 

"Anot,her check we carried out relates t,o the  robustness of our choice of t,he exponent,ial function over t h e  sample. 
Specifically. we carried out the linearity test,s in two diff'erent subsanlples for t.he three exchange rates for which we 
have a longer full sample-Japanese yen. U.K. st,erling, and Swiss franc. Split,t,ing the  sample in two subsamples at, 
the end of 1093. we found that for each subsample t,he linearity test,s confirm the choice of a n  exponential smooth 
transit,ion model. corroborating o i ~ r  fill1 sainple resnks. These test results are available upon request,. 



One aspect of the rationale behind this model is: therefore, that financial institutions decide to  
allocate capital on the basis of Sharpe ratios and that this process induces the nonlinear dynamics 
we observe in the data. In Table 5, we report the average annualized Sharpe ratios (first column), 
for each exchange rate examined, calculated as the average realized standardized excess returns over 
the sample period. The Sharpe ratios range from 0.14 for the Japanese yen to  0.88 for U.K. sterling. 
It is interesting how the average Sharpe ratio across the five dollar exchange rates examined is 0.48, 
the value reported by Lyons (2001, p. 214) as the Sharpe ratio obtaining from employing a currency 
strategy (with equal weights) on the six most liquid currencies. 

Given that the transition function we estimate is bounded between zero and unity and may be 
viewed as the probability of being in one of the two extreme regimes (one regime with persistent 
but tiny deviations from UIP, and another regime where UIP holds), it is instructive to graph the 
estimated transition functions over time. In Figure 2, we plot the estimated transition function for 
each exchange rate, over the sample. The plots make clear how the model implies that the spot- 
forward regressions (or the deviations from UIP) are in the lower regime (defined, for simplicity, 
as the case where G(.) 5 0.5) most of the time. The lower regime is the one characterized by a 
very persistent forward bias, which, however, is associated with low and economically unimportant 
Sharpe ratios. In some sense, therefore, these findings suggest that the forward bias does char- 
acterize the majority of the observations in the data, but only those observations where financial 
institutions' speculative capital is unlikely to be attracted by currency trading strategies because 
the size of the inefficiency is relatively low. On the other hand, although fewer observations are 
in the upper regime (say when G(.) > 0.5). in this regime deviations from UIP are characterized 
by low persistence, suggesting that speculative forces induce fast reversion to UIP. Interestingl\-. 
therefore, rejections of UIP in a linear framework can be explained by the dominance of the obser- 
vations for which UIP does not hold in the data (the lower regime), but our analysis reveals that 
these observations are characterized by small and economically unimportant departures from UIP. 
Put another way, the statistical rejections of UIP typically recorded in the relevant literature may 
indicate that exchange rates have on average been relatively close to  UIP, rather than implying 
that UIP and foreign exchange market efficiency are strongly violated.''. l" 

It is instructive to calculate the size of the annualized Sharpe ratio such that transition function 
G (.) = 0.5, which we term the minimum Sharpe ratio (min SR) such that one may be in the 
upper regime.20 The calculations are given, for each exchange rate, in the middle column of Table 
5. Clearly, while 0.4 (the value that Lyons suggests conservatively as a minimum Sharpe ratio 
necessary to attract speculative capital) is not sufficient to  induce the shift to the upper regime, 
the range of the minimum level required goes from about 1.14 for Germany to about 2.46 for the 
euro. Indeed, this evidence seems consistent with the argument made by Lyons (2001, p. 215), 
on the basis of interviews with several proprietary traders and desk managers, that restoration 

" ~ o t e  t,hat the simplifying assumpt,ion that  G(.) > 0.5 is indicat.ive of being in the  upper regime is quite mild. In 
fact: as not,ed by a referee. given our estimat,es of 7 in Table 4. deviat,ions from UIP can still be quit,e substant,ial when 
G(.) = 0.5. This means that, assuming G(.) > 0.5 (rather t,han requiring a value larger than 0.5) is sufficient t o  move . . 
t,o t,he upper regime will lead 1.0 a conservat,ive estimate of t.he importance of 1imit.s t o  speculat,ion. In ot.her words. 
assuming that UIP deviations only become economically small for higher values of G(. )  \vould furt,her reinforce o w  
point that the majority of the  observat.ions in the  data are  in the  lower regime. 

" ' ~ l s o .  ilot,e t,hat these transit,ion funct,ions imply that  the  parainet,er linking filture exchange rat,e changes t o  the  
current forward premium. which depends on the  transition function. displays a lot of variation over time. as one uvnld 
expect under t,he limits-to-speculatioll hypot,hesis and as docnment~ed in other research focusing on t,lie instability of 
the parameter d in the Fama regression (e.g.. Bailiie and Bollersle\r. 2000). 

'"Given 7 reported in Table 4. this is simply the \.ahie of SR that solves (1 - exp [-?SR" I )  = 0.5. 



of the UIP equilibrium condition through allocation of speculative capital is likely to require an 
extremely large amount of order flow and that these large amounts generally occur when traders or 
desk managers are facing Sharpe ratios of at  least unity. These Sharpe ratios can hardly be achieved 
through bias trading in a one-exchange-rate setting of the type considered here, as illustrated in 
the last column of Table 5, which reports that some 68 to 97 percent of the observations are below 
the minimum Sharpe ratios we calculate. While it may be possible to achieve Sharpe ratios of 
this magnitude, this happens rarely in a one-exchange-rate setting. These Sharpe ratios are likely 
to require much more sophisticated multi-currency portfolio strategies based on currency overlay 
programs. If any Sharpe ratio below the minimum Sharpe ratio we calculate is consistent with the 
forward bias being too small to attract speculative capital, then one would expect that most of the 
time deviations from UIP are indeed characterized by forward bias. 

An important caveat is, however, that, while our empirical analysis is inspired by the limits to  
speculation hypothesis, we do not claim to be able to provide a direct test of this specific hypothesis, 
but rather a test of its general predictions for the nonlinear linkages between spot and forward 
exchange rates. Our approach enables us to capture some of the key predictions of the limits 
to speculation hypothesis, but the nonlinearity recorded in our research may be due to  factors 
other than or in addition to limits to speculation. It  is possible to rationalize nonlinearities, for 
example, on the basis of arguments based on discrete intervention of central banks (e.g., Mark and 
Mob, 20021, general equilibrium models of exchange rate determination in segmented international 
capital markets and international trade costs (Dumas, 1992; Hollifield and Uppal, 1997; Obstfeld 
and Rogoff, 2000), and other standard transactions-costs arguments (e.g., Sercu and Wu, 2000). 
We leave to future research the design of a framework where researchers can formally discriminate 
among different theories or frictions that predict the existence of nonlinearities on spot-forward 
regressions. 

E. Forecasting 

The primary purpose of this paper is to improve our understanding of the behavior of UIP deviations 
and the relationship between spot and forward exchange rates and to test theoretical predictions 
that such a relationship should be nonlinear. However, the nonlinear empirical models examined 
can be used as predictive models for the returns from currency speculation to shed further light 
on their ability to explain exchange rate movements over time and their performance relative to 
the standard linear Fama regression. Given that the selected nonlinear models fit better than their 
linear counterparts, it may be possible to build a better trading strategy than is available using the 
standard Fama regression model. 

We evaluate predictive performance in two ways. First. we report evidence using the "projection" 
statistic recently suggested by Evans and Lyons (2005). This test statistic has a known asymptotic 
distribution under the null hypothesis that the spot exchange rate follows a random walk. The 
results are obtained using recursive estimates of the linear and nonlinear models using a growing 
number of observations. The statistic is calculated by estimating the parameter 6 in the regression: 
Asttl l t  = So+SAst+l +[t+l .  where the hat denotes the one-step-ahead (one-week-ahead) prediction 
from the (linear or nonlinear) Fama regression-see Evans and Lyons (2005) for further details on 
the properties of this test. We compute standard errors for 6 using the Newey-West autocorrelation 
and heteroskedasticity consistent correction. Under the null hypothesis that st follows a random 



walk As,+llt = 0 and 6 = 0. The results: reported in Table 6, indicate that using the predictions 
from the linear Fama regression yields a correctly signed estimate of 6 (positive). However, the 
estimates of b are statistically insignificantly different from zero (except for the German mark). 
Using the predictions from the nonlinear Fama regression model gives larger estimates of 6, which 
are also statistically significantly different from zero for three out of five exchange rates. Bearing in 
mind that these are weekly predictions of exchange rate changes, which are well known to contain 
a large unforecastable component, the estimates of d obtained using predictions from the nonlinear 
models compare well to the estimates reported in the work of Evans and Lyons (2005), even though 
the information used here only includes publicly available information. 

Second, we calculate unconditional annualized Sharpe ratios corresponding to each z2 for both 
the linear and nonlinear Fama regressions. The annualized Sharpe ratios are calculated as: SR = \/a/ JL?, following Cochrane (1999, pp. 65-66, 75-76) and Gallant, Hansen, and 
Tauchen (1990). The value chosen to proxy for the unconditional annualized Sharpe ratio of a 
US.  buy-and-hold strategy is 0.4 (the first term in the square root in the numerator), following 
Sharpe (1994) and Lyons (2001). The derivation of this formula for the Sharpe ratio stems from 
the implementation of a simple market timing strategy based on a general predictability model 
(Cochrane, 1999, p. 65-66).'l The results, reported in Table 7 show a clear difference between 

-2 . 
the linear and nonlinear Fama regression. While the linear regression delivers an R In the range 
from 0.2% to 7%. the nonlinear regression provides us with a z2 ranging from 3.7% to about 17%. 
These values of the fi2 imply Sharpe ratios for the nonlinear model ranging from 0.45 to about 
0.63. These Sharpe ratios appear respectable if one considers that the underlying strategy is a 
pure currency strategy only involving two currencies (one exchange rate). In practice. however. 
financial institutions typically engage in multicurrency forward-bias strategies involving more than 
two currencies. Hence, assuming that banks use more sophisticated strategies than the one discussed 
here, and hence might achieve higher Sharpe ratios than the ones we record on one-exchange-rate 
strategies, would further support our interpretation of the results in this section. 

As noted by an anonymous referee, Deutsche Bank frequently reports Sharpe ratios close to 0.9 for 
a simple multicurrency strategy. In practice, speculative capital is often attracted by (relatively 
simple) forward bias trading strategies. Notably, Galati and Melvin (2004) show that simple carry 
trades aimed at  exploiting the forward bias are one source of the surge in trading in the foreign 
exchange market observed in recent years. In light of our conversations with foreign exchange chief 
dealers, these facts may be explained by the fact that the decision to implement active currency 
strategies is, in practice, not predicated exclusively on the assessment of the Sharpe ratio but 
also on the basis of the correlation of returns to the active hedge with returns to the underlying 
portfolio, as well as the historical track record of active currency managers in generating positive 
total returns. Therefore, the Sharpe ratio of, say, a forward bias strategy may not be appealing 
over the long term, but if the return streams from the two strategies are uncorrelated, then the 
performance of the portfolio is improved as a result and capital may be attracted by Sharpe ratios 
lower than the minimum Sharpe ratios reported in Table 5. The relative perforn~ance of the two 
parts of the portfolio strategy may be important in the determination of the relative risk budget 
that investors will allocate to each part (e.g.. how much active currency management does a pension 
fund want on top of its equity portfolio). This suggests further ways in which the approach taken 

"Cochrane (1999) show,s how the unconditional Sharpe ratio is directly related t o  the adjusted R' in the  egression 
model used. 



in this paper could be improved in future research by explicitly modelling returns in equity, bond 
and foreign exchange markets simultaneously while allowing a role for limits to speculations and 
for cross correlation across returns. 

V. Can We Match the Stylized Facts in Spot-Forward 
Regressions? Some Monte Carlo Evidence 

Given our discussion in Section I11 of the possibility of explaining the observed anomalies in spot- 
forward regressions if in fact the true DGP driving deviations from UIP is nonlinear, it seems 
worthwhile investigating whether we can match the stylized facts in spot-forward regressions using 
a DGP calibrated according to our estimated nonlinear Fama models. This may help us understand 
why much previous research estimating the linear Fama regression (2) has recorded a forward bias 
(/3 # 1) when in fact the forward bias may characterize only economically small departures from 
UIP. This exercise may also shed some light on the finding of excess returns predictability on 
the basis of the lagged forward premium, given that the regression typically used by researchers 
(Equation (3)) is a reparameterization of the Fama regression (2). 

A. Matching the Forward Bias 

We executed a battery of Monte Carlo experiments based on an artificial DGP identical to  the 
estimated nonlinear Fama regression (4), calibrated on the estimates reported in Table 4, with 
independent and identically distributed Gaussian innovations. Initializing the artificial series at  
zero. we generated 5.000 samples of 1.040 observations and discarded the first 100, leaving 5,000 
samples of 940 observations. matching exactly the total number of actual observations used in this 
study. For the German mark and the euro we carried out the simulations by generating 5,000 
samples of 778 and 309 observations and discarded the first 100, leaving 5,000 samples of 678 
and 209 observations respectively, again matching the number of observations available for these 
exchange rates. The discarding of the first 100 artificial data is carried out to reduce the impact of 
the DGP initialization. For each generated sample of observations we then estimated the standard 
linear Fama regression (2). In Panel A of Table 8 ,  we repeat in the first two columns the estimates 
of a and /3 obtained from the actual data (taken from Table 2), while in the third and fourth 
columns we report the average of the 5,000 estimates obtained from the estimation of the Fama 

-MC 
regression on the artificial data. say E"' and /3 . together with their 5th and 95th percentiles 
from the empirical distributions (reported in parentheses). 

The results of these Monte Carlo investigations reveal that, if the true DGP were indeed of the 
nonlinear form (4) and researchers estimated a linear Fama regression, the estimates of a and /3 
recorded on average would be very close to the ones estimated on actual data. In fact. the estimates 
of a and /3 recorded on actual data are. for each exchange rate examined. in the interval between the 
5th and 95th percentiles of the empirical distribution of a"' and pAfC obtained from estimating 
the Fama regression on the simulated data. In the last two columns. we report the p-values from a 

-Ale 
formal test statistic of the null hypotheses that 5"' = a and ,!3 = B respectively. The p-values 
are generally very high. indicating that the estimates of a and /3 obtained from the actual data are 



-MC 
indeed statistically insignificantly different from the average estimates zMC and P one would 
obtain from estimating the linear Fama regression using the artificial data we generated. 

B. Matching the Predictive Power of the Forward Premium on Future Excess 
Returns 

We also investigated the ability of our nonlinear Fama regression to explain the puzzling finding 
that estimation of regressions of the form (3) typically yield the result that the forward premium 
can predict future excess returns. As argued in Section 11, because regression (3) is obtained from 
reparameterizing the Fama regression (2): it is plausible that if nonlinearity in the true DGP of 
the spot-forward relationship can shed light on the forward bias puzzle arising from Equation (2) it 
should also shed some light on the predictability arising from Equation (3). Hence, using the same 
artificial data described in the previous sub-section, we estimated a regression of the form (3) for 
each of the 5,000 generated samples. In Panel B of Table 8, we report in the first column the t- 
statistic for the significance of the parameter associated with the forward premium in regression (3), 
namely PT (as given in Table 2)) while in the second column we report the corresponding average 
of the 5,000 t-statistics obtained from the estimation of regression (3) on the artificial data, say 
E ( ~ T ) M C ,  together with the 5th and 95th percentiles from its empirical distribution (reported in 
parentheses). 

The simulation results suggest that, if the true DGP were of the nonlinear form (4) (or its repara- 
meterized form (8)) and one estimated a predictability regression of the form (3), the t-statistics 
for the significance of PT would be very close on average to  the ones estimated on actual data. 
they would be statistically significant and would lie in the interval between the 5th and 95th per- 
centiles of the empirical distribution of t ( ~ ' ) " ~ ,  for each exchange rate examined. On average, 
the t-statistics recorded are indeed statistically significantly different fro111 zero. Finally. in the 
last column of Panel B, we report the p-value from a formal test statistic for the null hypothesis 
that t(PT) = E(P')"~, termed tl. The p-value is generally high, indicating that the t-statistic 
obtained from estimating Equation (3) on actual exchange rate data is statistically insignificantly 
different from the average t-statistic ( i (~ ')"~) one would obtain from estimating the predictability 
regression (3) using the artificial data we generated. 

C. Summing Up the Monte Carlo Results 

Overall, therefore. our h4onte Carlo experiments suggest that if the true DGP governing the rela- 
tionship between the spot and forward exchange rates were of the nonlinear form we consider in 
this paper, estimation of the Fama regression (2) and the predictability regression (3) would lead us 
to reject UIP, t,o record a forward bias (P different from unity and generally negative); and to  find 
evidence of predictability of excess returns using the information in the lagged forward premium. 
with estimates which are very close to the ones observed in actual data. However. these three 
features-viola.tion of UIP, forward bias. and predictability of excess return-are features which 
the DGP we study has only in the lower regime. which is a regime where expected excess ret,urns 
(deviations from UIP) are tiny enough to  be economically unimportant a.nd unlikely to attract 
speculative capital. 



VI. Conclusions 

Our empirical results provide confirmation that major bilateral dollar exchange rates are linked 
nonlinearly t o  forward pren~ia in the context of a model for UIP deviations which allows for time- 
variation in the forward bias and nonlinear mean reversion towards UIP. The nonlinearities we 
uncover are consistent with a model of deviations from UIP with two extreme regimes: a lower 
regime with persistent but tiny deviations from UIP, and an upper regime where UIP holds. In 
some sense, this characterization of UIP deviations suggests that, while UIP does not hold most of 
the time, deviations from UIP are generally economically small but they may be persistent as long 
as expected foreign exchange excess returns are not large enough to attract speculative capital. 
This evidence is consistent with recent theoretical contributions on the nature of exchange rate 
dynamics in the presence of limits to speculation in the foreign exchange market. 

In a number of Monte Carlo experiments calibrated on the estimated nonlinear models, we show 
that if the true data generating process of UIP deviations were of the nonlinear form we consider, 
estimation of conventional spot-forward regressions would generate the well-known forward bias 
puzzle and the kind of predictability of foreign exchange excess returns documented in the literature. 

Our results therefore allow us to end this study by making three statements, albeit with some degree 
of caution. First, the statistical rejection of UIP recorded by the literature may be less indicative 
of major inefficiencies in the foreign exchange market than has often been thought. Second, the 
forward bias puzzle may be explained by the assumption of linearity which is standard in the 
relevant literature. In our fitted nonlinear models, the forward bias is more persistent the closer 
expected exchange rates are to the UIP equilibrium. Somewhat paradoxically, therefore, rejections 
of UIP in a linear context may indicate that exchange rates have on average been relatively close 
to the UIP equilibrium, rather than implying that UIP does not hold at all. Third, the limits-to- 
speculation hypothesis and the implied nonlinearities in the relationship between spot and forward 
exchange rates appear to be of some importance in understanding the properties of departures from 
the foreign exchange market efficiency condition. 

Although the results have been shown to be robust to  a number of relevant tests, several caveats 
are in order. While our empirical analysis is inspired by the limits to speculation hypothesis, we do 
not claim that this paper provides a direct test of this specific hypothesis, but rather a test of its 
general predictions for the relationship between spot and forward exchange rates. Our approach 
is best interpreted as an empirical characterization of the spot-forward relationship motivated 
by the limits to speculation hypothesis or simply as an empirical investigation of parsimonious 
models of foreign exchange excess returns. In particular. although we have focused on a specific 
nonlinear formulation of the relationship between exchange rates and forward premia capable of 
capturing some of the key predictions of the limits to speculation hypothesis, experimentation 
with alternative nonlinear characterizations of the relationship is on the agenda for future research 
both to assess the robustness of our results and to further tighten the link between theory and 
empirical testing in a way that can allow us to discriminate among different arguments capable 
of rationalizing the existence of nonlinearities. Experimentation with multivariate versions of the 
nonlinear models used here that allow estimation of a general nonlinear error-correction model 
linking the dynamics of spot exchange rates and the full term structure of forward exchange rates. 
in the spirit of Clarida and others (2003). is also a promising area of research. This development 
is likely to enhance the plzdictive power of our nonlinear model. which, given its simplicity, might 



ignore important information. However, vector smooth-transition error correction models of this 
kind are well known to present great difficulties in terms of estimation and often trade off the 
increased explanatory power with a decrease in the interpretability of estimation outcomes (e.g., 
Granger and Terasvirta, 1993). Further. while our results shed some light on why researchers have 
typically recorded rejections of UIP and why the forward bias may persist, our framework does 
not explain why P is negative in the lower regime rather than being, for example, in the middle of 
the inaction range. Explaining this finding may require further theoretical models where trading 
activities that move exchange rates are not driven just by pure currency strategies, as it is implicitly 
assumed under UIP (Lyons, 2001, p. 216-18). Finally, our analysis has been confined to a single- 
currency setting, given our intention to shed light on the forward bias and foreign exchange excess 
returns predictability anomalies, which have generally-indeed virtually exclusively-been studied 
in a single-exchange-rate setting. However, future research may extend our framework to more 
complex multiple-exchange-rate strategies. 



APPENDIX I 

Derivation of Equation (13) 

Having rewritten our modelling framework in the form (12) ,  we are able to  provide the solution 
in Equation (13)  by following the same steps used by Peel and Venetis (2005) in the context 
of an autoregressive exponential smooth transition process. Specifically, recall that the Lam- 
bert W function has the property lN(z)eW(")  = z. This implies that xex = a  has a solu- 
tion 2 = W ( a ) .  Let ERE" = ( and p  = [ai + ( P I  - 1)  ( f :  - s t ) ]  Then, ( = e-7CZP u 
(e'c2 = 9. Squaring both sides and multiplying by 21. yields 2y(2e27c2 = 2 y p 2  Setting 2y(2 = 

79,  de' = 2-yY2 and therefore 79 = W ( 2 y p 2 )  or ( = Jv. Since e-W(x) = W ( x ) / z ,  

e - o . 5 ~ ( ~ )  = @ we get ( = = exp [ - 0 . 5 1 ~  ( 2 y p 2 ) ]  p,  which is Equation (13):  

ER;' = exp {-0.51' [27 [w + ( P I  - 1)  ( f :  - s t )] ' ]  } [w + ( P I  - 1)  ( f l  - s t ) ] .  



APPENDIX I1 

Robustness Results 

Table B1. Nonlinear Forward Premium Regressions: ESTR estimation results 

Panel A.  Robustness to the forward contract maturity: 3-month forward rates (weekly data) 

a1 = - a 2  S E ~ ~ = - ~ ~  p1 = 1 - p2 SEP1=1-B2 Y SET 
Japan 0.0090 (0.0028) -1.0557 (0.3390) 0.4668 (0.0593) [0.0032] 

UK -0.0017 (0.0017) -0.8365 (0.3537) 0.2930 (0.0196) [0.0410] 
Germany 0.0043 (0.0023) 0.5062 (0.2407) 0.6483 (0.1364) [0.0038] 

Euro -0.0008 (0.0002) -1.3739 (0.6188) 0.0884 (0.0152) [0.1106] 
Switzerland 0.0060 (0.0027) -0.9255 (0.3698) 0.4907 (0.0579) [0.0001] 

Panel B. Robustness to the frequency of the data: monthly data (1-month forward rates) 

= - a 2  SEal=-,, Dl = 1 - P2 SEBl=1-P2 7' SE, 
Japan 0.0012 (0.0008) -2.4755 (0.9766) 0.7465 (0.2841) [0.0021] 

UK -0.0026 (0.0028) -2.8954 (1.1746) 0.3391 (0.0756) [O] 
Germany 0.0018 (0.0043) 0.0330 (0.7126) 1.7824 (0.7556) [0.0002] 

Euro 0.0005 (0.0041) -3.8552 (1.5574) 0.0889 (0.0120) [0.0306] 
Switzerland 0.0069 (0.0034) -2.1883 (1.0222) 0.2529 (0.1131) 10.04641 

Notes: Panel A.  The table reports the results from estimating the nonlinear forward premium 
regression Asst+a = [a1 + P1 (ff - st)] + [ a 2  + B2 (f: - st)] G [ER;, 71 + E ~ + I .  where a 2  = - a l ,  

B2 = 1 - and G [ER;, = {I - exp [- y ( E R ~ )  2] ), using weekly data. Panel B. The 
table reports the results from estimating the nonlinear forward premium regression Ast+1 = 

[a1 + P1 (fi - st)] + [ a 2  + P2 (fi - st)] G [ E R ~ ,  71 + ~ t + l ,  where 02 = a l .  P2 = 1 - P1 and 

G [ER;, = {l - eup [-7 (ER;)~])  using monthly data. Note that E R ~  is defined as the ex- 
pectation, formed at time t. of UIP deviations at  time t + 3. For both Panels A and B, values in 
parentheses (SE,) are asymptotic standard errors for the parameter x, calculated using an auto- 
correlation and heteroskedasticity consistent matrix of residuals (Newey and West, 1987); values in 
brackets are p-values for the null hypothesis that y = 0 calculated by parametric bootstrap as in 
Skalin (1998), using 5,000 replications. 0 denotes p-values lower than lop5.  
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Table B2. Empirical Size and Power Properties of the Linearity Tests 

Panel A. Empirical size 

10% 5% 1% 
T=470 

FL 0.0942 0.0434 0.0106 
F3 0.0908 0.0462 0.0098 
F2 0.0996 0.0480 0.0094 
Fl 0.0976 0.0480 0.0108 

T=940 
FL 0.0926 0.0438 0.0080 
F3 0.0940 0.0464 0.0070 
F2 0.0942 0.0460 0.0092 
Fl 0.0916 0.0464 0.0092 

Panel B. Empirical power 

10% 5% 1% 
T=470 

FL 0.7492 0.6656 0.4944 
F3 0.3136 0.2294 0.1194 
F2 0.5824 0.4728 0.2906 
Fl 0.2384 0.1562 0.0694 

T=940 
FL 0.8000 0.7286 0.5810 
F3 0.2818 0.1998 0.0914 
Fz 0.5986 0.4892 0.3102 
Fl 0.2238 0.1482 0.0586 

Note: Panel A. The table reports the results of a Monte Carlo experiment where the null hypothesis 
of linearity is true (i.e., the true DGP is the standard forward premium regression (2)) and it has 
been calibrated on the parameters estimated for the Japanese yen reported in Table 2. Figures 
are probabilities of rejection for different significance levels (i.e., lo%, 5%, and 1%) and different 
sample sizes T = 470,940. Panel B. The table reports the results of a Monte Carlo experiment 
where the null hypothesis of linearity is false and the true DGP is the nonlinear forward premium 
regression (4) calibrated on the parameters estimated for the Japanese yen reported in Table 4. 
Figures are probabilities of rejection for different significance levels (i.e., lo%, 5%, and 1%) and 
different sample sizes T = 470,940. For both Panels A and B, probabilities are constructed using 
5,000 replications in each experiment with identical random numbers across experiments. 



Table 1. Summary Statistics 

Panel A. Forward premium. f; - st 

mean standard deviation AR(1) 
Japan 0.0024 (0.0003) 0.0036 (0.0011) 0.614 (0.094) 
United Kingdom -0.0022 (0.0003) 0.0031 (0.0013) 0.761 (0.057) 
Germany 0.0004 (0.0005) 0.0040 (0.0014) 0.439 (0.059) 
Euro 0.0004 (0.0005) 0.0021 (0.0008) 0.602 (0.079) 
Switzerland 0.0014 (0.0003) 0.0031 (0.0009) 0.724 (0.055) 

Panel B. Depreciation rate, st+l - st 

mean standard deviation AR(1) 
Japan 0.0008 (0.0006) 0.0159 (0.0049) 0.077 (0.030) 
United Kingdom 0.0003 (0.0004) 0.0145 (0.0054) 0.025 (0.033) 
Germany 0.0008 (0.0006) 0.0154 (0.0045) 0.053 (0.031) 
Euro -0.0005 (0.0010) 0.0135 (0.0047) 0.090 (0.054) 
Switzerland 0.0007 (0.0005) 0.0164 (0.0045) 0.048 (0.028) 

Panel C. Return from currency speculation (excess return), st+l - fi 

mean standard deviation AR(1) 
Japan 0.0002 (0.0007) 0.0159 (0.0049) 0.117 (0.028) 
United Kingdom -0.0025 (0.0061) 0.0151 (0.0051) 0.057 (0.031) 
Germany -0.0001 (0.0007) 0.0152 (0.0045) 0.053 (0.033) 
Euro 0.0010 (0.0014) 0.0139 (0.0048) 0.131 (0.053) 
Switzerland 0.0007 (0.0007) 0.0168 (0.0045) 0.085 (0.026) 

Notes: One-month log-forward and log-spot exchange rates, f: and st. are expressed as dollars 
per unit of foreign currency. Data are Tuesdays of every week. taken from Datastream. The sample 
period spans from January 4. 1985. to December 31, 2002. for all exchange rates except for the 
German mark (January 7. 1986. to December 31. 1998) and the euro (January 5. 1999. to December 
31. 2002). Figures in parentheses are standard errors calculated by using an autocorrelation and 
heteroskedasticity consistent matrix of residuals. with three lags (Newey and West. 1987). 



Table 2. Forward Premium (Fama) Regressions 

CY S E ( 4  P SE(P) s.e. T t ( pT)  
Japan 0.0015 (0.0005) -0.2865 (0.1586) 0.015 939 -6.742 
United Kingdom -0.0003 (0.0004) -0.3098 (0.2588) 0.014 939 -6.075 
Germany 0.0004 (0.0006) 0.3212 (0.1495) 0.015 677 -4.712 
Euro -0.0001 (0.0008) -0.8883 (0.4422) 0.013 208 -3.963 
Switzerland 0.0012 (0.0006) -0.3786 (0.1645) 0.016 939 -7.036 

Notes: The table shows the results from estimating, by ordinary least squares, the conventional for- 
ward premium (Fama) regression (2): Ast+1 = cu+P (fi - st) + u ~ + ~ .  Values in parentheses (SE(cu) 
and SE(P)) are asymptotic standard errors calculated using an autocorrelation and heteroskedas- 
ticity consistent matrix of residuals (Newey and West, 1987). s.e. is the standard deviation of the 

residual vt+l; and T is the number of usable observations. The last column reports the t-statistic 
(namely t(PT)) for the parameter PT in regression (3): ERt+1 = cu + PT (ftl - s t )  + vt+l, where 

1 ERt+1 G Ast+1 - (f, - st) = st+l - fi, and PT = P - 1. 

Table 3. Linearity Tests on the Fama Regression 

FL F3 F 2  Fl 
Japan 0.020 0.077 0.006 0.142 
UnitedKingdom 5.29~10-l6 0.219 0.038 0.365 
Germany 3.10x10-'~ 0.087 0.044 0.061 
Euro 5.09x10-~ 0.268 0.027 0.224 
Switzerland 0.011 0.983 0.001 0.546 

Notes: The table reports the p-values from applying the linearity testing procedure suggested 
by Terasvirta (1994, 1998). Assuming that a plausible, generic transition variable is qt, the ap- 
propriate auxiliary regression for the linearity tests against a STR alternative is the following: 
A 3 
et+l = 8bAt+l + 8;At+' (qt) + 6/2At+1 (qt)' + 8;At+' (gt) + innovations, where Et+1 is the esti- 
mated disturbance retrieved from the linear model being tested for linearity (in the present context 
it is the residual from each of the Fama regression models reported in Table 2), and At denotes the 
vector of explanatory variables in the model being tested, which in our case simply amounts to  the 
lagged forward premium. The transition variable, qt used in our tests is the expected excess return 
for one month ahead based on information at time t .  ER;. The general test for linearity against 
STR is then the ordinary F-test of the null hypothesis: HOL : 8; = 19; = 8; = 0. The choice 
between a LSTR and an ESTR model is based on a sequence of nested tests within H O L  First, 

the null hypothesis HOL must be rejected using an ordinary F-test (FL). Then the following three 
hypotheses are tested sequentially: H03 : 8; = 0; HO2 : 8; 1 8; = 0; HO1 : 8; I 8; = 8; = 0. Again, 
an F-test is used. with the corresponding test statistics denoted F3, F2: and Fl, respectively. The 
decision rule is as follows: if the test of HO2 has t,he smallest p-value, an ESTR is chosen, otherwise 
an LSTR is selected. The p-\-alues were calculated using the appropriate F distribution. 
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Table 4. Nonlinear Fama Regressions: ESTR Estimation Results 

Panel A. Parameter estimates 

= -a2 SE,,=-,, B1 = 1 - ,B2 SEp,,l-p, 7' S E ~  
Japan 0.0018 (0.0008) -0.5719 (0.2278) 0.4014 (0.0501) [O.OOlO] 

United Kingdom -0.0004 (0.0005) -0.4708 (0.1557) 0.1209 (0.0061) [0.0480] 
Germany 0.0008 (0.0008) 0.1540 (0.0633) 0.5348 (0.1522) [0.0048] 

Euro -0.0003 (0.0010) -1.0608 (0.5844) 0.1148 (0.0188) [O] 
Switzerland 0.0018 (0.0009) -1.0072 (0.3254) 0.5130 (0.0583) [0] 

Panel B. Diagnostic tests 

-- 

L R 1  LR2  FNRN FNSB 
Japan 0.115 0.901 0.903 0.547 
United Kingdom 0.341 0.914 0.969 0.495 
Germany 0.713 0.937 0.940 0.466 
Euro 0.134 0.897 0.998 0.502 
Switzerland 0.304 0.449 0.994 0.593 

Notes: Panel A.  The table shows the results from the nonlinear forward premium regression 

.k+~ = [w + PI ( f :  - s t ) ]  + [a2 + P2 ( f :  - s t ) ]  G [ E R ~ ,  y] + ~ t + l ,  where a2 = -1, P2 = 1 - P1 
and G [ E R ~ ,  = ( 1  - exp [-y ( E R , ' ) ~  /6gRP]  ). Values in parentheses (SE,) are asymptotic 
standard errors for the parameter x, calculated using an autocorrelation and heteroskedasticity 
consistent matrix of residuals (Newey and West. 1987). Values in brackets are p-values for the null 

hypothesis that y  = 0 ,  calculated by the parametric bootstrap procedure suggested by Skalin (1998) 
using 5,000 replications. 0 denotes p-values lower than lop5 .  Panel B. L R 1  is the likelihood ratio 
test for the joint null hypothesis that ,L?: = ,B; and P2$ = ,/3; from the unrestricted nonlinear model: 

as t+ ,  = [a,  + P: ( f :  - st)+ + P; ( f :  - s t ) - ]  + [a2 + B: ( f :  - s t )+ + B; ( f :  - s t ) - ]  G [ E R ; , ~ ] +  
+ 

~ t + l ,  where ( f t l  - s t )  and ( f :  - s t ) -  are forward premia ( f :  - st > 0 )  and forward discounts 

( f :  - st < 0 )  respectively. L R 2  is the likelihood ratio test for the null hypothesis that a2 = -a] .  
p2 = 1 - PI. FNRN is the test for the null hypothesis of no remaining nonlinearity, constructed as 
in Eitrheim and Terasvirta (1996). FNss is a test for the null hypothesis of no structural break in 

the model's parameters, constructed as in Eitrheinl and Terasvirta's (1996). For all test statistics. 
we report p-values. calculated using an autocorrelation and heteroskedasticity consistent matrix of 

residuals. 



Table 5. Sharpe Ratios 

SR min SR %Obs SR 5 min SR 
Japan 0.14 1.32 82 
United Kingdom 0.88 2.40 97 
Germany 0.41 1.14 68 
Euro 0.72 2.46 97 
Switzerland 0.25 1.17 83 
Average 0.48 1.69 83 

Notes: The first column of the table reports the mean of the annualized Sharpe ratio (SR) implied 

by our weekly data. SR is calculated as the realized average excess returns (E   AS^+^ - (ft - s t )]  = 

E [ER]) divided by the standard deviations of excess returns (aER)  over the sample period on an 
annual basis: x m. min SR (second column) is the minimum value of the annualized Sharpe 
ratio which leads to a shift from the lower regime to the upper regime, defined here as the value of 

the transition function (.) - (1  - exp [-?sR~] ) = 0.5. The last column reports the percentage 
of observations where the annualized Sharpe ratio is lower than or equal to  the minimum Sharpe 

ratio, as given by min SR. The last row reports averages across countries for each column. 



Table 6. Forecast Comparisons 

Linear Fama Nonlinear Fama 
Japan 0.002 (0.001) 0.009* (0.004) 
United Kingdom 0.002 (0.002) 0.012 (0.011) 
Germany 0.007* (0.003) 0.009* (0.004) 
Euro 0.016 (0.010) 0.027 (0.015) 
Switzerland 0.003 (0.002) 0.025* (0.010) 

- 
Notes: Figures reported denote estimates of the parameter 6 in the equation Astillt = bo + 
6Ast+1 + where the hat denotes the one-step-ahead (one-week-ahead) prediction from the 
(linear or nonlinear) Fama regression; see Evans and Lyons (2005). Figures in parentheses are 
standard errors calculated using the Newey-West (1987) autocorrelation and heteroskedasticity 
consistent covariance correction with three lags. The asterisk denotes estimates of b that are 
statistically significantly different from zero at  the five percent significance level. 

Table 7. Unconditional Sharpe Ratios 

Linear Fama Nonlinear Fama 

x2 SR x2 SR 
Japan 0.040 0.465 0.108 0.548 
United Kingdom 0.002 0.403 0.078 0.508 
Germany 0.031 0.445 0.037 0.453 
Euro 0.070 0.498 0.108 0.548 
Switzerland 0.050 0.470 0.169 0.629 

Notes: The table reports unconditional annualized Sharpe ratios corresponding to  each fi2 for 
both the linear and nonlinear Fama regression. The formula applied to  compute the annualized 

Sharpe ratios is: S R  = JiGTS/ J1-fi2. as in Cochrane (1999, pp. 65-66, 75-76). The value 
chosen to proxy for the unconditional annualized Sharpe ratio of a US buy-and-hold strategy is 0.4 
(first term in the square root on the numerator), as reported in the main text and consistent with 
Sharpe (1994) and Lyons (2001). 



Table 8. Monte Carlo Results: Matching the Stylized Facts 

Panel A. Matching the forward bias puzzle 

- 
Q P izjMC pML t ( 0 )  t (PI 

Japan 0.0015 -0.2865 0.0013 (0.0002.0.0025) -0.1588 (-0.4737,0.1492) 0.848 0.501 
United Kingdom -0.0003 -0.3098 -0.0003 (-0.0014,0.0007) -0.3094 (-0.6607,0.0429) 0.979 0.999 
Germany 0.0004 0.3212 0.0005 (-0.0003,0.0015) 0.4141 (0.1718,0.6508) 0.783 0.522 
Euro -0.0001 -0.8883 -0.0002 (-0.0018,0.0012) -0.8502 (-1.638,-0.0807) 0.881 0.936 
Switzerland 0.0012 -0.3786 0.0012 (0.0002,0.0022) -0.3674 (-0.6955,-0.042) 0.966 0.955 

Panel B. Matching the predictive power of the forward premium on future excess returns 

t (PT) t (lnML t 1 

Japan -6.742 -6.147 (-4.382,-8.044) 0.592 
United Kingdom -6.075 -6.166 (-4.373,-8.040) 0.935 
Germany -4.712 -4.088 (-2.396,-5.857) 0.558 
Euro -3.963 -4.046 (-2.206,-6.022) 0.943 
Switzerland -7.036 -6.947 (-5.096,-8,896) 0.939 

Notes: Panel A. a, /3 are the estimates of the standard Fama regression (2), taken from Table 
-n*c -"C 

2. a , ,B denote the average of the empirical distribution (based on 5,000 replications) of 
the coefficients a,  p obtained from estimating the standard forward premium regression (2) using 
artificial data under a true DGP which is a nonlinear forward premium regression of the form (4), 
using 5,000 replications. Values in parentheses are the 5th and 95th percentiles of the empirical 
distribution of the parameters andc,pMC respectively. t ( a )  and t(P) are the p-values of the test 

-AfC 
statistic for the null hypothesis that E~~ = a and P = P, respectively. Panel B. t(PT) is the 
estimated t-statistic for the significance of PT in the regression of excess returns on the lagged 
forward premium. defined in Equation (3). t(pT)n*c is the average of the empirical distribution 
of the t-statistic for the significance of the parameter PT on forward premium in a predictive 

regression of the form ERt+l  = a + PT (f: - st) + error. calculated under the same DGP as above 
using 5,000 replications. Values in parentheses correspond to  the 5th and 95th percentiles of the 
empirical distribution of the test statistics t(PT). t l  is the p-value of the test statistic for the null 

hypothesis that 5 ( ~ ~ ) " ~  = t(PT). 
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